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The uptake and metabolism of amino acids by slices of carrot 
By L. M. Brrr and F. J. R. Hirp 
Volume 70 (1958) 


p. 285, Table 11, column 1 


for second entry -[4C,|Phenylalanine read 1-[C,|Phenylalanine plus glucose 
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Examination of Lipids in Human Sebum by Disk Chromatography 


By J. HORACEK anp MARIE CERNIKOVA 
Laboratory of Dermatological Biochemistry at the Medical Faculty of Masaryk University, 
Brno, Czechoslovakia 


(Received 10 March 1958) 


The disk-chromatography technique of Hack 

' (1953) has been used for the analysis of human 
sebum or, more accurately, skin-surface fat. This 
rapid method, with a number of detection methods 
for individual components, makes it possible to 
survey the qualitative composition of the lipid 
part of different natural materials. 


METHODS 


Collection of sebum. Samples of the sebum were obtained 
(Miescher & Schénberg, 1949) from the forehead of healthy 
white adults 16-60 years of age. Samples were analysed 
from 21 persons (11 men, 10 women) not suffering from 

| skin diseases. To collect the sample, a strip of filter paper 
(Whatman no. 1, 3 cm. x 12 em.), previously defatted by 
extraction with boiling light petroleum, was placed on the 
skin of the forehead lightly cleaned by a cotton wad soaked 
in ethyl ether. The paper was attached to the skin and kept 
there for 2 hr., then replaced by a new one for another 
2hr. The strips of paper with samples of sebum were kept 
sat -10° in an atmosphere of nitrogen, then on the same 
day extracted in a micro-extractor (Bloor, 1943) with 
20 ml. of boiling chloroform—methanol (4:1, v/v). The 
extract, after removal of the solvents, was weighed and 
stored at —10° in an atmosphere of nitrogen. On the 
average 21-5 mg. of sebum was obtained, i.e. 0-596 mg./ 
cm.” 

Preparation of chromatogram. For analysis the sample 
was dissolved in the above-mentioned mixture of chloro- 
form—methanol, at a concentration of 1 mg./0-2 ml. About 
30 yl. of this solution was chromatographed as described by 
Hack (1953) on a 6 cm. diameter disk of Whatman no. 1 
paper, previously extracted by a mixture of chloroform— 
methanol (4:1, v/v) and eluted first by chloroform- 
methanol mixture to a distance of 0-8 cm. (subsequently 
called ‘the inner circle’), then by acetone to 1-5 cm. (‘the 
middle circle’) and finally by methanol to 2-5 cm. (‘the 
outer circle’). Before addition of each further eluent the 
chromatogram was dried in a current of nitrogen. When 
separation was finished the disk chromatogram was cut 
into parts, each of which was treated separately by 
different reagents for detection of individual components. 

Reactions used for identification of individual components. 
As an orientational test for the distribution of lipids in the 
chromatogram, elution by a solution of Sudan II in 50% 
ethanol has proved very useful. Staining is visible after 
about 30 min. The tests described by Hack (1953) for 
neutral fats (Nile blue), for cholesterol (acetic and sul- 
phuric acid), for double bonds (osmic acid), for amino 
lipids (ninhydrin) and for phosphoric esters (ammonium 
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molybdate and H,S) were used unmodified. In the test for 
plasmalogens (hydrolysis with HgCl, followed by detection 
of the liberated carbonyl group) the use of saturated 
aqueous 2:4-dinitrophenylhydrazine was found preferable 
to that of Schiff’s reagent, and in the test for choline lipids 
(reduction of K,Cr,0, at 60°) detection of the chromium 
ion by immersion in a 1 % ethanolic solution of diphenyl- 
carbazide was found preferable to the development of a 
haematoxylin lake as employed by Hack. Diphenyl- 
carbazide gives immediately a red—violet stain, which, 
however, is soluble in water, so that the chromatogram 
must be evaluated very rapidly. 

In addition, free acids have been detected by the re- 
duction of their silver salts (Inouye & Noda, 1952; Kobrle & 
Zahradnik, 1954). The chromatogram is immersed for 
3 min. in 10% AgNO,, then rinsed thoroughly in water and 
dried at 140° for 10 min. The presence of free acids is 
detected by a dark-brown colour. 

To corroborate the results obtained we tested the follow- 
ing samples belonging to groups of materials that are 
supposed to exist in the sebum. Lecithin (N.A.F.A., 
Denmark), stained yellow, dissolved in chloroform, was 
chromatographed by the method described above. Treat- 
ment with haematoxylin produced a grey lake in the inner 
circle. Reaction with ammonium molybdate produced a 
blue inner circle. Triolein (Merck) was stained pink by Nile 
blue in the middle circle (eluted by acetone). Free oleic 
acid (Merck) was eluted by methanol and resulted in a 
dark-brown stain of the outer circle after reduction of 
silver salt. Osmic acid immediately stained it black. 
Cholesterol (Lachema CSR) was eluted by acetone in the 
middle circle, producing a pink stain with a mixture of 
sulphuric and acetic acid. Cholesteryl oleate (kindly given 
by Dr G. Michalec, Caroline University, Prague) also 
remained in the middle acetone circle and was stained the 
same colour as cholesterol. 

As a control measure Hack’s analysis of lyophilized 
human blood serum was also repeated. Comparison was 
also made with an extract of human-heart muscle, which is 
known to contain phosphatides. The heart muscle was 
extracted also with a mixture of chloroform—methanol 
(4:1, v/v). 


RESULTS 


Samples of lipids of the sebum obtained and 
analysed by the method described above gave the 
following results. 

(1) Treatment with Nile blue showed a wide 
pink middle circle, a dark-blue inner circle and a 
fainter blue outer one. Comparison with model 
samples indicated in the pink middle circle the 
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and extract of human heart muscle are sum. 
marized in Table 1. 


presence of neutral fats, most likely triglycerides, 
the blue inner circle showed the presence of lecithin 
and the outer circle of free acids. 

(2) Sudan ITI gave similar results. All three 
circles were stained orange-red, the middle one 
being the widest. 

(3) Treatment with potassium dichromate and 
haematoxylin or diphenylearbazide stained the 
outer and the inner circle. The staining of the 
inner circle indicated the presence of choline lipids, 
as shown by comparison with the sample of leci- 
thin. The stained outer circle indicated the presence 
of phosphatides soluble in methanol. The more 
convenient method of detection by diphenyl- 
carbazide gave the same results. 

(4) Plasmalogens were detected after 
hydrolysis in the outer circle. 

(5) The reaction for cholesterol and its esters 
was less pronounced than the other reactions 
because the paper was liable to disintegrate very 
rapidly, often before the reaction could take place. 
Most pronounced staining was produced in the 
middle circle. 

(6) Double bonds were detected by osmic acid in 
the inner circle, very clearly in the middle circle 
and less clearly in the outer one. 

(7) Detection of free acids by silver produced a 
dark-brown ring in the outer circle (free acids are 
eluted by methanol). 

(8) The ninhydrin reaction gave positive results 
in the outer circle. 

(9) Esters of phosphoric acid were detected in 
the inner and outer circles. 

If light petroleum was used for extraction, 
instead of a chloroform—methanol mixture, the 
reactions for phospholipids were negative. This 
supports the hypothesis that phosphatides occur in 
the sebum as components of lipoproteins. We have 
not succeeded, however, in using this principle for 
a separate extraction of phospholipids. The result 
of reactions for phospholipids depended also on the 
quantity of the sebum. Whereas 20—-50yg. was 
sufficient to yield positive results for detection of 
other components (glycerides, cholesterol, acids), 
as much as 100-150 yg. was needed for detection of 
phospholipids. The results of the analyses on 
sebum, extract of lyophilized human blood serum 


HgCl, 


Table 1. 


DISCUSSION 


Disk chromatography has separated the lipids in 
the skin surface film into three parts according to 
the three eluents employed. 

Inner circle. This was stained blue by Nile blue, 
orange by Sudan II and the reaction for phosphat- 
ides was positive indicating the presence of leci- 
thin. Osmic acid indicated the presence of double 
bonds in this group. They are either double bonds 
in the acid chains of lecithin, or in hydrocarbons 
(squalene) whose presence in the sebum has been 
repeatedly proved (MacKenna & Wheatley, 1950; 
Rothman, 1952; Hodgson-Jones & Wheatley, 
1952; Hordtek & Cernikové, 1958). 

Middle circle. The substances eluted by acetone 
contained the triglycerides, which are stained pink 
by Nile blue and orange by Sudan II. The intense 
reaction with osmic acid indicated the presence of 
double bonds in the acid residues. This circle also 
showed a positive reaction for cholesterol and its 
esters. 

Outer circle. The group of substances eluted by 
methanol gave positive results to Nile blue (blue 
stain) and Sudan II, as well as the reactions for 
plasmalogens, free acids, free amino groups and 
double bonds. The reaction for plasmalogens was 
comparatively intense. 

Our orientational method has detected in the 
sebum, in addition to the known triglycerides, free 
acids, cholesterol and its esters, and the presence of 
phosphatides (choline lipids and plasmalogens), 
which by other analytical methods have so far 
escaped attention (MacKenna & Wheatley, 1950; 
Rothman, 1952; Hodgson-Jones & Wheatley, 
1952; Hordtek & Gernikové, 1958). Phosphatides 
are present in the sebum probably only in small 
quantities. 


SUMMARY 


1. Hack’s (1953) rapid method of disk chromato- 
graphy was used for orientational analysis of lipids 
of the sebum obtained from the skin of the forehead 
of healthy white adults. 


Examination of various materials for lipids by disk chromatography 


For methods see text. 


No. of positive results for 





A ‘\ 
Phosphatides 
(choline 
No. of Neutral Double Free lipids + Chole- Amino 
Material examinations _ lipids bonds acids plasmalogens) _ sterol groups 
Extract of heart muscle 5 5 5 3 5 5 4 
Extract of blood-plasma lipids 5 5 5 + 4 5 5 
Skin-surface fat 21 21 21 20 15 18 19 
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The Distribution of ‘Fall-out’ Radio-strontium in a Sheep Skeleton 


By A. MORGAN anp JENNIFER E. WILKINS 


sum- 2. The detection of individual componeats has 
been extended by the use of additional re- 
actions. 
| 3. This method has detected, besides other 
a previously demonstrated substances, the presence 
ids in of phosphatides in the human sebum. 
ing to 
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nce of 
e also Since the testing of nuclear weapons began, much 
nd its work has been devoted to the study of strontium 
metabolism in animals and man and in particular 
od by to the deposition of this element in bone. The 
(blue radioactivity in both animal and human bone 
is for resulting from the ingestion of ‘fall-out’ radio- 
3 and strontium is being measured in a number of 
3 was countries, including Britain. The levels of activity 
encountered in these surveys are far too low to 
n the permit radioautographic distribution studies to be 
, free made and, even when radiochemical analysis and 
ice of the most sensitive counting techniques are used, 
zens), relatively large weights of human bone are re- 
o far quired for accurate determinations of Sr. 
1950; The object of this work was to determine the 
itley, pattern of Sr and Sr in various bones of a 
tides yearling sheep, to give more information on the 
small skeletal distribution resulting from the continuous 
ingestion of contaminated vegetation. Although 
much work has been done with single administra- 
tions of radio-strontium, little is known about the 
nato- distribution in bone resulting from continuous 
ipids ingestion. Sowden & Stitch (1957) estimated stable 
head strontium concentrations in various bones from 
individual human beings and their results suggest 
— that, with a constant stable strontium level in 
the diet, the variability in the skeleton is not 
great. 
In order that comparatively small sections of 
— bone could be assayed accurately, it was necessary 
to have the highest possible radio-strontium con- 
iid centration. Bryant, Chamberlain, Morgan & Spicer 
ups (1957) have shown that in certain areas of Britain 
‘ acombination of high rainfall and calcium-deficient 
; soil results in abnormally high Sr/calcium ratios 
) in herbage, and this is reflected in the bones of 





Health Physics Division, Atomic Energy Research Establishment, Harwell, Berks 


(Received 16 July 1958) 


sheep grazing this herbage. For this experiment a 
sheep from such a district was selected to facilitate 
the assay of radio-strontium. This was a yearling 
animal killed in July 1957. 


METHODS 


The method used for the determination of ®°Sr and Sr in 
bone was based on that described by Bryant, Chamberlain, 
Morgan & Spicer (1956). After strontium carrier had been 
added to the ashed bone, successive separations with 
fuming nitric acid were used to remove the calcium. 
Possible radium contamination was removed by barium 
chromate and ferric hydroxide scavenging precipitates. 
The purified strontium was stored with yttrium carrier 
while the ®Y equilibrated with the ®Sr. Finally the 
yttrium was separated and the *°Y radioactivity counted. 
From its activity that of the Sr was calculated. The 
strontium was counted after the *Y had re-equilibrated 
and the Sr-%Y contribution deducted to give the ®*Sr 
activity. Preliminary investigations showed that the 
average bone activity was about 200uyc of *Sr/g. of 
calcium, indicating that 0-5 g. of bone ash was adequate for 
analysis. Some determinations of stable strontium were 
made by the Spectrographic Section, Woolwich Outstation, 
Chemistry Division, A.E.R.E., using an emission-spectro- 
scopy method, details of which will be published elsewhere. 


Reagents 


Carriers. Standard solutions containing strontium 
(10 mg./ml.), barium (5 mg./ml.) and yttrium (5 mg./ml.) 
as nitrates were used. 

Other reagents. These were: ammonium dichromate, A.R. 
grade, 10% (w/v) aq. soln.; ammonium oxalate, A.R. 
grade, aq. soln. saturated at room temp.; ferric chloride, 
A.R. grade, 3% (w/v) aq. soln.; fuming nitric acid, A.R. 
grade, (d 1-5). Buffer solution contained acetic acid (A.R. 
grade; 50 ml.) and sodium acetate trihydrate (A.R. grade; 
9-8 g.) per litre of aq. soln. 

27-2 
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Preparation of bone for analysis 


The cleaned skeleton of a yearling sheep was supplied by 
Mr L. E. Hughes, Veterinary Investigation Officer, 
Aberystwyth. The shafts of the cleaned, dried long bones 
were cut transversely into sections approximately 1 cm. in 
length and these were ashed at 700-800° for 12 hr. After 
ashing, the epiphyses were readily separated from the 
terminal sections of the shaft and the proximal and distal 
epiphyses were each combined and treated as separate 
samples. All the sections were finely ground in an agate 
mortar and bottled ready for analysis. Other bones and 
teeth were ashed intact, ground and bottled. 


Radiochemical determinations of Sr and Sr 


After thorough mixing, a sample of ash (0-5 g.) from 
each bottle was weighed into a 40 ml. centrifuge tube and 
dissolved in 5 ml. of 6N-nitric acid. To this solution was 
added 5ml. of strontium-carrier solution, followed by 
22-5 ml. of fuming nitric acid. The tube was cooled in 
running water for 30 min. and centrifuged, and the super- 
natant discarded. Three more separations were made to 
remove the calcium from the strontium. Each time the 
nitrates were dissolved in water (10 ml.) and 22-5 ml. of 
fuming nitric acid was added to reprecipitate them. 
Spectrographic examination of the residue showed that the 
strontium now contained less than 1% of calcium. After 
the final nitric acid separation, the nitrate was dissolved in 
water (20 ml.) and 2 ml. of barium carrier solution added 
together with a drop of methyl red indicator. The solution 
was made just alkaline with aq. ammonia solution, then 
acid by the careful addition of acetic acid and buffered at 
pH 4 with acetic acid-sodium acetate solution (3 ml.). 
Ammonium dichromate (2 ml.) was added to the solution 
and, after heating for 5 min. in a boiling-water bath to 
coagulate the barium chromate, this was centrifuged off and 
discarded. After ferric chloride (1 ml.) had been added to 
the hot supernatant, a scavenging precipitation of ferric 
hydroxide was made by the addition of aq. ammonia 
solution. This was centrifuged, the precipitate discarded, 
and strontium carbonate precipitated from the super- 
natant by the addition of about 0-2 g. of solid sodium 
carbonate. The insoluble carbonate was separated by 
centrifuging and dissolved in dilute nitric acid and the 
solution washed into a tube containing 2 ml. of yttrium 
carrier solution. 

After a minimum of 18 days, yttrium hydroxide was pre- 
cipitated by adding aq. ammonia and centrifuged, and the 
upernatant solution decanted into a similar tube. The 
hydroxide was dissolved in 6N-nitric acid, reprecipitated 
and centrifuged, and the supernatant solutions were 
combined. The combined supernatants were heated in a 
boiling-water bath and strontium carbonate was precipi- 
tated by the addition of solid sodium carbonate (0-2 g.), 
care being taken to see that all the sodium carbonate 
dissolved. The precipitate was filtered off on a tared 2-1 cm. 
diameter filter paper and weighed after drying to determine 
the recovery of strontium carrier. The filter paper carrying 


No. of 
Sample determinations 
Scapula 5 
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Table 1. Reproducibility of replicate determinations of Sr 
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the precipitate was subsequently mounted on an aluminium 
tray for counting. The yttrium hydroxide was dissolved in 
the minimum of 6n-nitric acid and the volume increased to 
20 ml. with water. After heating in a boiling-water bath, 
ammonium oxalate (5 ml.) was added to precipitate 
yttrium oxalate. The tube was allowed to cool for 2 hr, 
before the oxalate was filtered off on a 2-1 cm. filter paper, 
which was mounted with the precipitate on an aluminium 
tray. 
Measurement of activity 


The yttrium oxalate precipitates were counted on at 
least three occasions to check the radiochemical purity of 
the *Y. In all cases the samples decayed with a 64 hr, 
half-life and the curve was extrapolated back to the time of 
separation from the strontium. The ®Y activity at this 
time, after correction for strontium-carrier recovery and 
counter efficiency, gave the Sr activity of the sample. The 
strontium carbonate sources were not counted until the *Y 
had re-equilibrated, after which time they were counted at 
weekly intervals. Subtraction of the virtually constant 
%Sr-Y activity from each count gave the ®Sr activity, 
and when these values were plotted they were found to give 
a satisfactory decay with a half-life of 53 days. This curve 
was extrapolated back to give the activity at the time of 
the animal’s death and corrections were applied for 
recovery of strontium carrier, counter efficiency and self- 
absorption. 

Most of the counting was done with anticoincidence 
counters and special GM.4 end-window Geiger tubes 
shielded by a double ring of GM. 5 guard tubes. These are 
enclosed in 2 in. of lead and the backgrounds are in the 
region of 1-1-5 counts/min. The efficiency for ®°Y is about 
25%. All counters were calibrated with yttrium oxalate 
sources prepared from a standard *Sr—Y solution and 
also with strontium carbonate sources of different thick- 
nesses prepared from a standard ®Sr solution. These 
standard solutions were calibrated by the Isotope Division, 
A.E.R.E. 

Reproducibility 

In order to gain some idea of the reproducibility of the 
Sr determinations, five analyses were made on the same 
sample of bone ash. The results (‘Table 1) indicate that the 
reproducibility was better than +5% (20 = +3-4%). The 
accuracy claimed for the stable strontium determinations is 
of a similar order. 


RESULTS 
The customary unit for expressing radio-strontium 
activity in bone is the strontium unit (s.u.), which 
equals 1 yyuc of radio-strontium/g. of calcium. The 
calcium contents of a number of samples were 
determined by a gravimetric procedure described 
by Bryant et al. (1956), dissolving the ash in 
hydrochloric acid and precipitating calcium oxalate 
at pH 4. The results are given (Table 2), and their 
deviation from the mean figure of 37-9 % seemed so 








Results 
192, 194, 190, 198, 197 


Mean and s.D. 
194433 
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small that, for the purpose of calculating the 
activity in ‘strontium units’, it was assumed that 
the calciurn content of all ash samples was 38 %. 

The ®Sr/calcium ratios of the long-bone sections 
showed a characteristic pattern, with a minimum 
value near the centre and maximum at or towards 
the end of the shaft. As would be expected with the 
shorter-lived ®Sr, the most recently laid-down 
bone in the subepiphyseal region had considerably 
more activity than the more heavily calcified bone 
at the centre of the shaft. The distribution of stable 
strontium did not appear to follow any regular 
pattern. The values of **Sr, Sr and stable stron- 
tium in serial sections from a tibia are shown 
graphically in Fig. 1 A-C. 

Owing to restricted analytical facilities, the ®**Sr 
had decayed in many cases before an assay could 
be made. Consequently, bones other than long 
bones were analysed for Sr only, except in a few 
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cases where determinations of stable strontium 
were also made. The highest Sr result was found 
in the parietal (209 s.v.), and it is worth noting that 
in experiments carried out by Finkel, Lestina & 
Czajka (1955), in which a domestic cat was injected 
with a single dose of Sr, the highest resulting 
activity was found in a small section of this same 
bone. However, in that case the activity was con- 
siderably higher than in any other part of the 
skeleton. The lowest Sr activities were found in 
the teeth of the sheep (135-156 s.v.) and in a 
section from the central region of a tibia (152 s.v.). 


DISCUSSION 


The weighted-mean Sr activities of the various 
bones, together with an estimated skeletal mean, 
are given (Table 3), and show that the maximum 
departure of any bone from the skeletal average is 
only about 10%. 





Table 2. Calciwm cor 


Sample Calcium (% 
37:3 
38-2 
38-1 
37-9 
37-7 
38-0 


Axis 

lium 

Femur (epiphysis) 
Femur (section 9) 
Humerus (epiphysis) 
Mandible 


A 


8 


8 


Proximal epiphysis 


s 8s 


o 


89Sr (uuC/g. of calcium) 


Proximal epiphysis 
Distal epiphysis 


Sr (upC/g. of calcium) 





o 


atent of ash samples 

Calcium (%) 
37-0 
38-0 
37-7 
38-6 
37-7 
38-0 


Sample 


Molars (upper jaw) 
Molars (lower jaw) 
Radius (epiphysis) 
Radius (sections 5-8) 
Ribs 

Scapula 


Stable strontium 
(ug./g. of calcium) 


Distal epiphysis 
Distal epiphysis 





Fig. 1. Concentrations of A, ®Sr; B, Sr; and C, stable strontium in serial sections of a tibia. 


Table 3. Distribution of 


Calcium content 


Bone 


Skull (including teeth 
and mandible) 

Vertebrae 

Pelvis 

Ribs 

Scapulae 

Sternum 
Femora 

Tibiae 

Radii 

Humeri 


(g-) 
43-00 


31-00 
8-38 
17-11 
7-01 
1-76 
13-87 
14-81 
12-69 
11-30 


Total 160-9 


Sr in a sheep skeleton 


Sr content 
(upC) 
7 783 


Mean s.vu.* 
18] 


164 
203 
191 
194 
180 
190 
179 
183 
187 


5 084 
1 698 
3 268 
1 356 

317 
2 642 
2 646 
2 318 
2112 


Total 29 224 


Estimated mean for whole skeleton = 182 s.v.* 


* Strontium units (for 


definition see text). 
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The characteristic pattern of Sr activity in the 
long-bone sections, with maximum values towards 
the ends of the shafts, is probably due to variations 
in the activity. of the diet. Stewart, Osmond, 
Crooks & Fisher (1957) have shown that Sr was 
deposited on the U.K. at a fairly constant rate 
during this animal’s lifetime, so it is likely that the 
activity of the herbage grazed by it would be higher 
at the time of death than at any other. This would 
be consistent with the long-bone distribution. The 
low activities found in the animal’s teeth could be 


due to the fact that these represent accretions of 


calcium and strontium at a certain period in the 
animal’s life, so they could have been formed when 
the activity of the diet was lower than average. 
With other bones there would be a continuous 
process of reabsorption and deposition up to the 
animal’s death, leading to activities more closely 
related to the average activity of the diet. The 
stable-strontium concentrations found in the teeth 
(630-680 pg./g. of calcium) are lower than those of 
the tibia sections, supporting the conclusion that 
they may not be representative of the average diet. 

From these results it seems reasonable to assume 
that the distribution of Sr in the human skeleton 
resulting from the continuous ingestion of a diet 
containing a constant Sr content would be fairly 
uniform, at any rate in children. For ®Sr, with its 
comparatively short half-life, the results indicate 
that the highest level will normally be found in the 
most recently laid-down bone and very young 
children will have the highest skeletal activity. 
This is confirmed by Bryant, Henderson, Spicer & 
Webb (1958) who have reported ®Sr levels in 
human bone. In a world-wide survey of Sr in 
human bone, Kulp, Eckelmann & Schulert (1957) 
reported Sr measurements on various bones from 
different individuals. In order to correlate these 
data, single administrations of ®Sr were made to 
adult terminal patients, and their bones analysed 
after death. From the results, Kulp et al. derived 
normalizing factors to correct the activity of 
particular bones to an average skeletal level. 
Loutit (1957) pointed out that normalizing factors 
obtained in this way are not valid for children, 
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where Sr may well have contaminated the diet 
since birth. In a later paper Eckelmann, Kulp & 
Schulert (1958) used modified factors to normalize 
bones from individuals over 19 years of age and 
state that the distribution in younger people 
appears to be more nearly uniform. 


SUMMARY 


1. A method is described for the determination 
of *Sr and Sr in animal bone by radiochemical 
analysis. 

2. The results are given of ®*Sr, Sr and stable. 
strontium analyses on serial sections from a tibia 
of a yearling sheep. 

3. Results of Sr on various 
bones are given and show that the maximum 
variation from the skeletal average is only about 
10%. 

4. The results and their significance are dis. 


determinations 


cussed. 


We are indebted to Mr L. E. Hughes, Veterinary In- 
vestigation Officer, Aberystwyth, for supplying the sheep 
skeleton and for his interest in the work. Thanks are also 
due to the Spectrographic Section, Woolwich Outstation, 
Chemistry Division A.E.R.E., for permission to publish 
results. 
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Whole semen can be stored successfully under both 
aerobic and anaerobic conditions, owing to the 
presence of glycolysable carbohydrate in the 
seminal plasma. However, if mammalian sperma- 
tozoa are separated from the seminal plasma by 
centrifuging and washing, they can maintain their 
motility only in the presence of oxygen. From this 
it has been inferred that when spermatozoa are 
deprived of fructose, which is the usual glycolys- 
able carbohydrate in seminal plasma, they utilize 
the oxidation of intracellular reserves as a source of 
energy for motility. Lardy & Phillips (1941a, b, 
1945) assigned this role of energy reserve to the 
phospholipids, pointing out that (i) the lipid- 
phosphorus content diminishes during the aerobic 
storage of bull spermatozoa and (ii) the rate and 
duration of oxygen consumption are markedly in- 
creased when egg phospholipids, known to be com- 
posed chiefly of lecithin, are added to sperm 
suspensions in a sugar-free medium. These results 
were contradicted by Bomstein & Steberl (1957), 
who were unable to detect any appreciable changes 
in lipid phosphorus of washed bull spermatozoa 
during aerobic storage. These authors also con- 
cluded that the stimulation of oxygen consumption 
by exogenous phospholipids was not due to oxid- 
ation of these phospholipids. In similar experi- 
ments with ram spermatozoa analysis of - phos- 
phorus fractions gave no indication that the lipid- 
phosphorus content diminishes during aerobic 
metabolism (Mann, 1958). 

The early experimental approaches to the parti- 
cipation of phospholipids in sperm metabolism 
were based upon two assumptions. The first of 
these, well entrenched since the early work by 
Miescher (1878, 1897), Mathews (1897) and Sano 
(1922), was that sperm phospholipids consist 
mainly of lecithin; the second was that any 
utilization of phospholipid during sperm meta- 
bolism would lead to liberation of the phosphorus 
in a non-lipid, acid-soluble form. Quite recently, 
however, investigations on the chemical nature of 
lipids present in ram spermatozoa have shown that 
there is no evidence for the presence of lecithin in 
the sperm cells and that the predominant intra- 
cellular lipid is of aldehydogenic nature, resembling 
the plasmalogens of brain and muscle (Lovern, 


Olley, Hartree & Mann, 1957). These findings, 
together with an earlier observation that a plas- 
malogen-like lipid is also present in bull semen 
(Boguth, 1952), made it desirable to reinvestigate 
the problem of the alleged relationship between 
lipids and the aerobic metabolism of mammalian 
spermatozoa. In this paper are reported analyses 
of plasmalogen and acy] ester in the lipids of ram 
semen with special reference to the behaviour of 
these substances during the aerobic as well as the 
anaerobic metabolism of spermatozoa. 


EXPERIMENTAL 


Material 


Semen was collected from rams, and occasionally from 
bulls, boars and stallions by means of the artificial vagina 
(Walton, 1945), the sperm and seminal plasma being 
separated by centrifuging. Washed sperm suspensions were 
made as described by Mann & White (1957) with the 
calcium-free ‘Ringer solution for spermatozoa’ (Mann, 
1946). Boar epididymal secretion and vesicular secretion 
were obtained from animals at autopsy. Human semen 
from donors at the Fertility Clinic was kindly made 
available by Dr H. A. Davidson, and sea-urchin semen ‘by 
Lord Rothschild. Palmitaldehyde was supplied by Dr J. A. 
Lovern, glycerol 1:2-palmitylacetal by Dr D. N. Rhodes 
and Agkistrodon piscivorus piscivorus snake venom (from 
Ross Allen’s Reptile Institute, Silver Springs, Florida, 
U.S.A.) by Dr C. Long. 


Lipid solvents 


Alcohols were freed from esters by distillation from 
NaOH and dried, where necessary, over calcium. Chloro- 
form was dried over CaCl,. All solvents were redistilled 
before use. For the estimation of plasmalogens a more 
rigorously purified CHCl, was necessary (see below). 


Extraction of phospholipids from spermatozoa 


Extraction method I. This was based on the methods 
developed by Schmidt & Thannhauser (1945) and Schneider 
(1946) for the extraction and separation of acid-soluble 
phosphorus compounds, phospholipids and nucleic acid 
from animal tissues. The procedure as applied to sperm was 
as follows: 10 ml. of washed sperm suspension containing 
about 10° cells/ml. was deproteinized in a centrifuge tube 
with 10 ml. of ice-cold 20% (w/v) trichloroacetic acid soln., 
centrifuged 10 min. later and the residue was re-extracted, 
again for about 10 min., with 20 ml. of ice-cold 7% (w/v) 
trichloroacetic acid. These two extractions were found to 
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remove the whole ‘acid-soluble phosphorus’ from sperma- 
tozoa. The residue left in the centrifuge tube was then 
washed, before proceeding with the phospholipid extrac- 
tion, with (i) 10 ml. of ice-cold 1% trichloroacetic acid and 
(ii) 5 ml. of water, centrifuging each time. The washed 
residue was suspended in 2 ml. of water and extracted 
twice with 8 ml. of ethanol at room temperature, each time 
for 10 min., and once for 3 min. with 8 ml. of ethanol- 
ether (3:1, v/v) maintained at the boiling point. The three 
extracts thus obtained were combined and ethanol and ether 
removed by distillation in vacuo. One portion of the material 
thus prepared was evaporated to complete dryness in a 
Kjeldahl flask, then digested with perchloric acid and used for 
the lipid phosphorus (lipid P) determination, and another 
portion was used for the plasmalogen determination. 

Extraction method II. The method used by Bloor (1929) 
for extraction of lipids from blood plasma gave satisfactory 
results with washed spermatozoa and seminal plasma. The 
material was run as a thin stream into 15 vol. of 95% 
ethanol-ether (3:1, v/v) with constant shaking, the mixture 
heated to boiling point on a water bath, cooled and made 
up to a volume of 20 times the original volume of sperm 
suspension or seminal plasma. The resulting precipitate 
was filtered off, with precautions to prevent evaporation of 
the solvent, and portions of the clear filtrate were taken for 
the determinations of lipid P, plasmalogen and acy] ester. 

Since the extraction is not carried out with an anhydrous 
solvent an appreciable quantity of water-soluble material is 
extracted and this may introduce errors into the determi- 
nation of total lipid or of lipid P. In some instances there- 
fore a measured volume of the Bloor filtrate was evapor- 
ated to dryness on a water bath, the residue dried over 
P.O; in vacuo overnight and then extracted with anhydrous 
solvent (CHCl, or CHCl,-methanol). The extracts were 
filtered, diluted to a known volume and suitable samples 
were taken for the various analyses. 

Extraction method III. For most of the work described in 
this paper we have used propan-2-ol as lipid solvent in 
place of ethanol-ether. Feulgen, Boguth & Andresen 
(1951) found that absolute ethanol was a satisfactory sub- 
stitute for ethanol-ether for extraction of plasma lipids and 
that the extraction was complete at room temperature. 
Christl (1953) established that the use of propan-2-ol 
enabled the method to be applied satisfactorily to a wide 
range of animal tissues. In our experiments it was found 
that completely clear filtrates were not always obtained 
unless the mixture was boiled, as in Bloor’s method. Our 
procedure was therefore exactly the same as extraction 
method II, except that ethanol-ether was replaced by 
propan-2-ol. The main advantages of propan-2-ol over 
ethanol-ether are that it shows no tendency to boil 
explosively on a water bath, and that evaporation losses 
are more readily prevented. 

It may be added that, just as in method II, some water- 
soluble material was also extracted by method III. When 
lipid extracts obtained by either method II or III were 
evaporated to dryness and re-extracted with anhydrous 
solvents only about 50% of the material redissolved. 
Experience showed that the cleanest separations were 
obtained by using CHCl, containing 10-20% of methanol 
for the re-extraction. The white, partly crystalline, CHCI,- 
insoluble residue consisted mainly of inorganic salts, but it 
also contained a significant amount of acid-soluble organic- 
ally-bound phosphorus. 


Determination of plasmalogen 


Palmitaldehyde standard. A standard solution containing 
0-100 mg./ml. in acetic acid (British Drug Houses Ltd,; 
reagent grade) was stored in the frozen state at 5°. During 
a period of 9 months its aldehyde content decreased by 5% 
in terms of the intensity of colour produced in the colori. 
metric method of estimation used in the present study. 

Palmitaldehyde thiosemicarbazone standard. Behrens 
(1930) found that palmitaldehyde thiosemicarbazone 
reacts with Feulgen’s magenta—bisulphite reagent but at a 
very much slower rate than the free aldehyde. Under the 
conditions of our method, however, the thiosemicarbazone 
gives exactly the same colour reaction as the equivalent of 
palmitaldehyde. Thus although the palmitaldehyde used as 
standard for our analyses had been stored for 6 years at 
— 30°, no appreciable decomposition had occurred. The 
advantage of the thiosemicarbazone is its ready purifica- 
tion by repeated crystallization from ethanol. The thio- 
semicarbazone was isolated by following the method of 
Grob, Jenny & Utzinger (1951) for the preparation of 
palmitaldehyde as far as the stage of filtering off the 
palladium catalyst. To the filtrate and washings (200 ml.) 
was added a warm solution of 12 g. of thiosemicarbazide in 
1200 ml. of dry methanol. After standing for 16 hr. at 5° 
the product (26 g.) was filtered off and purified as described 
by Feulgen & Behrens (1928). The standard solution con- 
tained 0-130 mg./ml. in acetic acid, corresponding to 
0-100 mg. of palmitaldehyde/ml. 

Chloroform-—acetic acid-extraction solvent. Experience has 
shown that some batches of CHCl, give rise to cloudy 
solutions of the purple pigment developed in the Feulgen 
reaction. This trouble could be avoided as follows. Reagent- 
grade CHCl, was redistilled, washed three times with equal 
volumes of water and left overnight at - 15°. Next day it 
was filtered from ice and mixed with an equal volume of 
acetic acid (British Drug Houses Ltd.: reagent grade). The 
mixture was stored at 5°. 

Feulgen reagent. This was prepared according to the 
method of Feulgen et al. (1951) with medicinal-grade 
magenta (W. Patterson, Aberdeen). The reagent is stable if 
not exposed to light. 

Estimation of plasmalogen as palmitaldehyde. The pro- 
cedure was a modification of that described by Feulgen & 
Griinberg (1938). A similar procedure was used by Lovern 
et al. (1957). The lipid solution, prepared by extraction 
method I, II or III, was evaporated to dryness on a water 
bath in a stream of N,. The residue was dissolved in acetic 
acid, the volume of acid being 10-20 times the volume of the 
original semen. Of this solution 1 ml]. was placed in a 20 ml. 
test tube and treated with 5 ml. of Feulgen reagent and 
2 drops of 6% (w/v) HgCl, soln. A series of standards con- 
taining 0, 20, 40, 60 and 80yg. of palmitaldehyde (or the 
equivalent of the thiosemicarbazone) in 1 ml. of acetic 
acid, was set up in the same way. The tubes were firmly 
closed with rubber bungs, shaken, left standing in darkness 
for 20 hr. at 37° and then cooled in ice. To each tube, while 
still cold, was added 8 ml. of the cold CHCl,-acetic acid- 
extraction solvent and the contents were well mixed by 
means of a glass plunger. The aqueous layers were sucked 
off, the CHCl, layers warmed to room temperature and the 
intensity of colour measured within 5 min. in an EEL 
colorimeter with a 624 filter (transmission maximum at 
520 my). Although this method has proved to be satis- 
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factory for the lipids extracted from spermatozoa it may 
require modification if it is to be used for lipids from other 
sources. 

The plasmalogen content was calculated from the values 
obtained in the colorimetric determination of fatty alde- 
hyde, with palmitaldehyde as standard. This calculation 
assumes that the sperm plasmalogen has a structure an- 
alogous to that of the plasmalogen isolated from bovine 
muscle (Rapport, Lerner & Alonzo, 1954; Rapport, 
Lerner, Alonzo & Franzl, 1957). The molecular-weight 
ratio of plasmalogen/palmitaldehyde would thus be about 
2-85. 


Estimation of acyl ester 


The method of Stern & Shapiro (1953) was modified so 
that the lipid could be analysed as a solution in propan- 
2-ol. A solution of the lipid in 3 ml. of propan-2-ol was 
treated with 1 ml. of M-hydroxylamine hydrochloride and 
1ml. of 1-75n-NaOH. The mixture was kept at 37° for 
30 min., cooled and treated with 0-5 ml. of 4N-HCl followed 
by 0-5 ml. of 0-37m-FeCl, made up in 0-1N-HCl. Triacetin 
standards were made up to contain 3pequiv. in 3 ml. of 
propan-2-ol (3pequiv.=1 m-mole=219yg. of triacetin). 
The colour intensities were measured in the EEL colori- 
meter with a 624 filter. Under these conditions triacetin 
and triolein were quantitatively equivalent. 


Other analytical methods 


Phosphorus was determined by the method of King 
(1932). Oxygen uptake was measured, in the presence of 
air, in Barcroft differential manometers at 37°, with KOH 
in the centre well. The respiratory quotient (R.Q.) was de- 
termined by the indirect method of Warburg (Umbreit, 
Burris & Stauffer, 1945). 


Expression of analytical results 


Results of analyses carried out on spermatozoa and 
reported in the present study are expressed in terms of mg., 
or m-equiv., present in the sperm obtainable from 100 ml. of 
whole semen (mg./sperm from 100 ml. of semen). 


RESULTS 


Comparative efficiencies of the three methods for 
extracting lipid from washed ram spermatozoa 


To compare methods IT and ITI, experiments were 
carried out with two samples of ram semen (A and 
B) collected on different occasions. The semen was 
centrifuged and the plasma separated. The 
spermatozoa were resuspended in Ringer solution 
to four times the original semen volume and centri- 
fuged again. This washing was repeated and the 
spermatozoa were resuspended in Ringer solution 
so that 3 ml. of suspension corresponded to 1 ml. of 
semen. One part of the suspension was extracted 
immediately and the remainder was extracted 
after aerobic incubation in Barcroft manometers, 
for 4 hr. at 37°. Both samples were divided into two 
equal parts; one was extracted by method II and 
the other by method III. The results of the plas 
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malogen determinations are given in Table 1. 
Slightly higher values were always obtained by 
method II. This difference is probably due to the 
evaporation of ether during filtration, which 
results in the lipid solution becoming more concen- 
trated. In a further experiment, carried out to test 
the efficiency of the extraction by method ITI, the 
residue insoluble in propan-2-ol was washed 
exhaustively with that solvent and then refluxed 
for 24hr. with methanol—CHCl, (1:2, v/v) con- 
taining 0-03N-HCl (Folch, 1952) in order to extract 
residual lipid. This extract, however, was found to 
contain only 1:3% of the total extractable alde- 
hydogenic material. In another experiment a 
comparison was made of methods I and III. The 
results appeared to indicate that method I removes 
from the sperm suspension only about 50% of the 
plasmalogen extractable by method III. However, 
since plasmalogens are acid-labile it is possible that 
trichloroacetic acid liberated free aldehyde, which 
then reacted with some other component of the 
mixture. 


Rates of colour formation in the Feulgen reaction with 
free palmitaldehyde and with lipid extracted from 
ram spermatozoa 


We have confirmed the findings of Rapport e¢ al. 
(1957) that plasmalogens, as they occur in lipids, 
react more rapidly with the Feulgen reagent than 
does free palmitaldehyde. This is illustrated by the 
following results. When a solution of free palmit- 
aldehyde was used it was found that the Feulgen 
reaction was complete after 20 hr. at 37°; with 
shorter reaction times or at lower temperatures, 
such as have been used by other workers, the 


Table 1. Plasmalogen content of washed ram sperma- 
tozoa determined on extracts prepared by methods 
II (ethanol-ether) and III (propan-2-ol) 


Two samples (A and B) of ram semen were used. Results 
are expressed in terms of the palmitaldehyde standards. 
The plasmalogen equivalents can be obtained by multi- 
plying the palmitaldehyde values by 2-85. 


‘Palmitaldehyde’ 
(mg./sperm from 
100 ml. of semen) 


Method Method 
II Ill 
Washed sperm A 
Fresh 115 111 
After aerobic incubation for 114 110 
4 hr. at 37° 
Washed sperm B 
Fresh 125 123 
After aerobic incubation for 131 127 
4 hr. at 37° 
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intensity of colour was significantly less (Table 2). 8 
The thiosemicarbazone of palmitaldehyde reacted 
very slowly wth the Feulgen reagent in the 
absence of mercuric chloride, but in its presence the 
reaction proceeded as rapidly as with the free 
aldehyde. Fig. 1 shows a calibration curve ob- 
tained with a series of palmitaldehyde standard 
solutions after the reaction had been allowed to 
proceed for 20 hr. at 37°. The two other curves 
shown in Fig. 1 were obtained after carrying out 
the reaction at 20° for 2 and 20 hr. respectively. In 
contrast with these are the results obtained with 
the sperm lipid (Table 3). Here, both with a fresh 
and an aerobically incubated suspension, the colour 


Colorimeter reading 


intensities were the same after reaction at 20° for 
2 hr. as after reaction at 37° for 20 hr. As would be 
expected, no catalytic effect of Hg?+ ions was 20 40 60 
observed in the reaction of either free palmitalde- 
hyde or sperm lipid with the Feulgen reagent. 
From these results it can be concluded that no Fig. 1. Development of colour in the Feulgen reaction with 
advantage is gained if free fatty aldehyde is liber- palmitaldehyde during reaction periods of 2 and 20 hr. 
ated from plasmalogen by acid hydrolysis before at 20° and 37°. The purple pigment was extracted with 
chloroform and its concentration measured as described 
in Methods. The uppermost curve corresponds with the 
Table 2 also includes results on the reaction of neuen omni ~ ee — a a 
: : : The reaction mixtures consisted of 1 ml. of solution of 
a palmitylacetal with the Feulgen reagent, and palmitaldehyde in acetic acid, 5 ml. of Feulgen reagent 
Table 3 gives results obtained with spermatozoa and o drops of 6% HgCl,. Identical results were ob- 
that had been treated with snake venom. These tained in the absence of HgCl,. O, 20hr. at 37°; 
points will be considered in detail later. A, 20 hr. at 20°; @, 2 hr. at 20°. 


80 
Palmitaldehyde (yg.) 


the colorimetric estimation (as recommended by 
Feulgen et al. 1951). 


Table 2. Colour intensities obtained in the Feulgen reaction under different conditions 
with palmitaldehyde and with glycerol 1:2-palmitylacetal 


Details are given in Methods. Where one result is given for two experiments with and without Hg** ions, this represents 
the mean of two values which were equal within experimental error. Results are expressed in terms of colorimeter readings 
where 100 represents the colour intensity observed with palmitaldehyde under the standard conditions, i.e. when the 
reaction was allowed to proceed for 20 hr. at 37°. 

Reaction time (hr.) bes wis Ses 2 20 20 2 20 
Temperature _ es ah is 20 20 37 
Hg?+ catalyst ak Kak yt — + + 


Relative colorimeter readings with 
(1) 50-0 ug. of palmitaldehyde 59 j 100 
(2) 65-5 wg. of glycerol 1:2-palmitylacetal 2-3 25 105 


Table 3. Colour intensities (in terms of palmitaldehyde) in the Feulgen reaction 
of the lipid extracted from ram spermatozoa 


The uppermost curve of Fig. 1 (corresponding to a reaction time of 20 hr. at 37°) was used as the standard curve for all 
experiments. Snake venom (Agkistrodon piscivorus piscivorus): 0-22 mg./ml. 
Reaction time (hr.) oe a 2 20 20 20 20 
Temperature is sim ies 20 20 20 37 37 
Hg** catalyst sei ead wee ~ - : 


- —= 7 
‘Palmitaldehyde’ (mg./sperm from 100 ml. of semen) 

Washed sperm suspension ee Pe a eae ee ee 
Fresh 117 115 116 114 
After incubation for 4 hr. in 110 106 110 109 

air at 37° 
After incubation for 4 hr. in the 12 50 62 91 

presence of snake venom 
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Plasmalogen content of washed ram spermatozoa at various stages 
of the 1956-1957 breeding season 
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Table 4. 


Each analysis was carried out on washed sperm obtained from the pooled ejaculates of about 10 rams. Plasmalogen 
values are calculated from the molecular-weight ratio plasmalogen: palmitaldehyde = 2-85. The spermatozoa were separ- 
ated from seminal plasma, washed twice with Ringer solution and extracted by method II or ITI. 


Mean values 


Plasmalogen 
‘Palmitaldehyde® = =£_——————___*—__ —- 
(mg./sperm from (mg./sperm from (% of dry wt. 


100 ml. of semen) 100 ml. of semen) of sperm) 


No. of 


Month analyses 


October 
November 
December 
January 
February 
March 


bo Go bo be =I bo 


89 254 2-55 
106 302 3-45 
116 330 3°78 
111 315 — 
117 334 _— 
110 314 — 


Mean value for December—March: 324 (s.p. 22). 


Plasmalogen in ram seminal plasma 


Although the bulk of seminal plasmalogen is 
confined to the spermatozoa a certain amount can 
always be detected in the plasma even when this 
has been separated from fresh semen. When a 
sample of plasma from the pooled ejaculates of 10 
rams was extracted by method II, the lipid was 
found to contain 19-6 mg. of ‘palmitaldehyde’/ 
100 ml. of semen, which is about one-seventh of the 


total lipid-bound aldehyde in ram semen. 


Seasonal variations in the plasmalogen 
content of ram spermatozoa 


Table 4 shows the results of plasmalogen analyses 
on washed ram spermatozoa, obtained from pooled 
ejaculates of 10 rams, during a whole breeding 
season which extended from October to March. 
The concentration of plasmalogen was lowest in 
October, at the beginning of the season, but rose 
during the next month and attained a fairly 
constant level during the period of the next 
4 months. The mean value during the period 
December—March was 324 (+22) mg. of plasma- 
logen/sperm from 100 ml. of semen. 


Effect of extensive washing and ‘cold-shock’ on the 
plasmalogen content of spermatozoa 


The results shown in Table 4 were obtained with 
twice-washed spermatozoa. Two additional wash- 


ings with Ringer solution caused the loss of a sub- 
stantial amount of plasmalogen from the sperma- 
tozoa (Table 5). A similar effect was obtained when 
ram semen was subjected to the so-called ‘cold- 
shock’, i.e. sudden cooling from 37° to 2°. ‘Cold- 
shock’ immobilizes spermatozoa and deprives 
them of fructolytic ability (Mann & Lutwak- 
Mann, 1955). The loss of plasmalogen as a result of 
‘cold-shock’ is illustrated by the results in Table 6. 
It should be mentioned here that freezing ram 
semen to — 15° and subsequent thawing results in 
a similar loss of plasmalogen from the sperm into 
the seminal plasma. ; 


Table 5. Effect of extensive washing with Ringer 
solution on the plasmalogen content of ram sperma- 
tozoa 


Semen was centrifuged and the spermatozoa were 
suspended in Ringer solution up to the original semen 
volume. The washing procedure was repeated with the 
same volume of Ringer solution. Results are expressed in 
terms of the palmitaldehyde standard. 


‘Palmitaldehyde’ 
(mg./sperm from 
100 ml. of semen) 


98 
99 
87 


72 


No. of 
washings 


Table 6. Loss of plasmalogen from ram spermatozoa after ‘cold-shock’ treatment 


Experiments were carried out with two batches of pooled ram semen, C and D. The control and ‘cold-shocked’ samples 
were diluted with an equal volume of Ringer solution and centrifuged. After removal of the supernatant, the packed 
spermatozoa were resuspended in Ringer solution to the same volume as the diluted semen. Results are expressed in terms 


of the palmitaldehyde standard. 


Untreated 
Pio 


In plasma 
Ram semen C 16-2 
Ram semen D 15-5 


‘Palmitaldehyde’ (mg./sperm from 100 ml. of semen) 


*Cold-shocked’ 


In sperm In plasma In sperm 


110 33-3 95 
128 28-0 118 
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Ratio of fatty aldehyde to phosphorus in the 
lipid extracted from.ram spermatozoa 


To compare the content of fatty aldehyde as 
determined by the Feulgen reaction with that of 
phosphorus determined after digestion, a series of 
analyses was performed on the lipid material ex- 
tracted from washed ram spermatozoa. The results 
of these analyses are shown in Table 7. 

The ratio of plasmalogen phosphorus (plasma- 
logen P), calculated from the aldehyde values, to 
lipid P determined directly never exceeded 0-8. 
This is to be expected since, in addition to plasma- 
logen, there are other phosphorus-containing lipids 
in spermatozoa (Lovern et al. 1957). One of the 
factors which determines the actual ratio is the 
extraction procedure. Thus Expts. 6 and 7 show 
that when the lipid material extracted from 
washed spermatozoa is purified by a second extrac- 
tion with an anhydrous lipid solvent there is a 
decrease in the lipid P content, whereas the 
plasmalogen value remains practically unaltered. 
Expts. 4-7 show the changes in the contents of 
plasmalogen and of lipid P which occur during the 
anaerobic metabolism of washed spermatozoa. 
The plasmalogen values are virtually unchanged, 
whereas the decreases in lipid P become very small 
if the lipid is subjected to the second solvent ex- 
traction before analysis. Repeated washing of 
spermatozoa with Ringer solution tends to increase 
the plasmalogen P/lipid P ratio in the extracted 
lipid material (Expts. 1 and 2). ‘Cold-shock’, on 
the other hand, appears to have little effect on the 
ratio as such but results in a small loss of both 
plasmalogen and lipid P (Expts. 8a and 86). 

A general conclusion which can be drawn from 
these results is that the crude lipid obtained by one 
solvent extraction (method II or ITI) from washed 
spermatozoa contains some non-phospholipid P. 
This P may be derived from glycerylphosphoryl- 
choline, which is present in ram seminal plasma at 
a high concentration (Dawson, Mann & White, 
1957) and which is difficult to remove completely 


Table 8. Effect of aerobic metabolism in the presence 
and the absence of fructose on the plasmalogen 
content of washed spermatozoa 


Spermatozoa were washed twice with Ringer solution 
and incubated at 37° for 4hr. Experimental conditions 
were as described in Table 7. 

Plasmalogen P 
(mg./sperm from 
100 ml. of semen) 

16-4 
15-0, 14-5 


Fresh suspension 


Two samples incubated for 4 hr. 


without fructose 
Two samples incubated for 4 hr. 14-7, 15-0 


with 0-1% fructose 


PLASMALOGEN IN SEMEN 


by washing the sperm with Ringer solution. The 
solubility of glycerylphosphorylcholine in the 
solvents used for the first extraction will inevit- 
ably result in too high values for lipid P. Glyceryl- 
phosphorylcholine is, however, virtually insoluble 
in the solvents used for re-extraction of the lipid. 


Effect of fructose on the phospholipid content of 
ram spermatozoa incubated under aerobic conditions 


Several attempts were made to demonstrate a 
decrease in the lipid P content of washed sperma- 
tozoa during aerobic incubation at 37° for periods 
up to 6hr. In these experiments, and also in 
parallel experiments where fructose was present, 
the changes in lipid P never exceeded 5%. In 
further experiments the plasmalogen content of 
a suspension of freshly washed spermatozoa was 
compared with that of four samples of the same 
suspension which had been incubated aerobically, 
two of them with and two without fructose, for 6 hr. 
at 37°. Table 8 shows that the plasmalogen P contents 
of the incubated samples were identical and only 
slightly lower than that of the fresh control sample. 


Changes in the acyl-ester content of sperm lipids 
on aerobic and anaerobic incubation 


The effect of aerobic and anaerobic incubation 
upon the lipids of spermatozoa was studied further 
in a series of experiments which included the 
determination of acyl ester as well as of lipid P and 
plasmalogen. The results of these experiments 
(Table 9) show that, unlike the content of lipid P 
and plasmalogen, that of acyl ester decreases 
during aerobic incubation of washed ram sperma- 
tozoa (Expts. 1 and 2), and that furthermore a 
decrease of similar magnitude takes place when the 
spermatozoa are incubated anaerobically (Expts. 1 
and 3). Table 9 also contains results on the changes 
in composition of the sperm lipid after aerobic 
incubation of ram spermatozoa with snake venom 
for 4 hr. (Expt. 2). The venom treatment consider- 
ably decreased sperm respiration and markedly 
lowered the acyl-ester content of the sperm lipid. 
At the same time the fatty-aldehyde content 
diminished slightly but no change occurred in the 
lipid P value. These findings are in agreement with 
previous experiments by Dawson et al. (1957), who 
reported that cobra venom diminishes sperm re- 
spiration and at the same time brings about a 
decrease in acyl-ester content, which, however, is 
not accompanied by the liberation of acid-soluble 
organically bound phosphate. 


Respiratory quotient of ram spermatozoa 


The fact that acyl-ester bonds of the sperm 
lipid undergo hydrolysis during aerobic or an- 
aerobic incubation of spermatozoa suggests that 
fatty acids are set free. This in turn could be taken 
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to indicate that the fatty acids are subsequently 
utilized as substrates for aerobic metabolism. If 
washed spermatozoa were capable of maintaining 
their endogenous aerobic metabolism by fatty acid 
oxidation alone, one would expect them to have an 
R.Q. approximately equal to 0-7. This possibility 
was investigated in the following experiment. 

A suspension of twice-washed ram spermatozoa 
in Ringer solution (10° cells/ml.) was incubated 
aerobically, at 37° for lhr., in Barcroft mano. 
meters to oxidize the residual fructose or lactic 
acid. The suspension was then diluted with 8 vol, 
of Ringer solution and equilibrated with CO, +0, 
(5:95, v/v). The R.Q. was determined at 37° by the 
indirect method of Warburg with 4-4 ml. of the 
diluted suspension in each vessel. The gas exchange 
was measured during the period 15-90 min. after 
closing the manometer taps. The results show that 
the R.Q. is about 0-7 (Table 10). The CO, retention 
by the very dilute suspension of spermatozoa in 
Ringer solution will be less than that of a concen- 
trated phosphate buffer, pH 7-3. Thus the true 
R.Q. will be intermediate between the two values 
recorded in Table 10. 


zed and the 


ce more in the 
lls/ml. Snake venom (Expt. 2) was added in a concentration of 0-22 mg./ml. Results 


aldehyde 


Fatty 


Lipid P 


Total 
uptake 
of O, 


Plasmalogen in semen and accessory secretions 
from species other than ram 


Solvent used for 
re-extraction of 
sperm lipid 


CHCl,—methanol 
(10:1, v/v) 


Although the present study was concerned 
primarily with the distribution and behaviour of 
plasmalogen in ram semen, a few experiments were 
also made with material from other species. The 
results are listed in Table 11. The values for 
plasmalogen P in bull spermatozoa were about one- 
third of the mean value established for ram sperma- 
tozoa, but since the sperm concentration in bull 
semen is about one-third of the concentration in 
ram semen, the plasmalogen content per sperma- 
tozoon is much the same in both species. From 
results on a single sample of washed bull sperma- 
tozoa it would appear that the ratio plasmalogen 
P/lipid P was nearer unity than in any of the 
samples of ram semen that were examined. By 
contrast, only a small proportion of the lipid P in 
sea-urchin semen could be accounted for as 
plasmalogen P. The very low figures for plasma- 
logen in stallion, boar and human seminal plasma 
should be accepted with reserve since the materials 
had been stored for considerable periods at — 15°. 

An unexpected finding during experiments on the 
aerobic incubation of washed bull spermatozoa was 
that decreases in acyl ester were much smaller, in 
relation to plasmalogen, than the changes observed 
with ram spermatozoa. In fact, the O, consumed 
in some experiments was considerably in excess of 
the theoretical figure based upon complete oxid- 
ation of the released fatty acid. An explanation of 
these results must await a systematic examination 
of the lipids of bovine spermatozoa. 


men with 5 vol. of Ringer solution, centrifuging, washing the sperm 
3 whole ram semen was diluted with 1 vol. of Ringer solution, cent 


, fatty aldehyde and acy] ester in the sperm lipid derived from 100 ml. of ram semen. 


extracti 
of sperm lipids 


In Expt. 
Method used for 
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Washed sperm 
Washed sperm 
Seminal plasma 
Washed sperm 


Whole semen 


a Were suspended in Ringer solution to a concentration of about 10° ce 


are expressed as m-moles of O, uptake during 4 hr. and m-equiv. of lipid P 


Washed ram-sperm suspensions for 


same way and resuspending to a concentration of about 10° cells/ml. 





1959 
quently 
ism. If 
taining 
ity acid 
nave an 
sibility 
1t. 
1at0z0a 
‘ubated 
» Mano- 
r lactic 
1 8 vol. 
‘O, +0, 
by the 
of the 
change 
1. after 
yw that 
tention 
»z0a in 
oncen- 
ie true 
values 


ions 


cerned 
iour of 
[Ss were 
s. The 
ies for 
ut one- 
perma- 
in. bull 
bion in 
erma- 
From 
perma- 
alogen 
of the 
d. By 
d P in 
for as 
lasma- 
ylasma 
terials 
— 15°. 
on the 
a was 
ler, in 
served 
sumed 
sess of 
oxid- 
ion of 
nation 


Vol. 71 
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Table 10. Determination of the respiratory quotient of a suspension of washed ram spermatozoa 
at 37° by the indirect method of Warburg 


Gas exchange was measured during a period of 75 min. 


Measured volumes, i.e. uncorrected for 
CO, retention 


Volumes corrected as for concentrated 
phosphate buffer, pH 7-3 


Evolution 

of O, of CO, 

(ul.) (ul.) 
59 43 


Uptake 


35°5 


Table 11. Plasmalogen phosphorus and lipid phosphorus in semen and in 
accessory secretions of species other than ram 


Spermatozoa were washed twice with Ringer solution as described for ram spermatozoa. Lipid was extracted by 
method III. An asterisk indicates that a second extraction of the crude lipid was made with CHCl,—methanol (10:1, v/v). 
A bracket indicates that the fractions were obtained from the same sample of pooled semen. 


Species Material 


Bull Seminal plasma 
{Washed sperm 

Washed sperm* 

Washed sperm* 


Stallion 


Seminal plasma, two samples 


Lipid P 
(mg./sperm from 
100 ml. of semen) 


Plasmalogen P 
(mg./sperm from 
100 ml. of semen) 

1-51 
4-26 
3-98 
4-23 
0, 0-03 


from the same animal 


Seminal plasma 
Vescicular secretion 
Epididymal plasma 


Boar 


Human Seminal plasma 
Sea urchin 
Paracentrotus lividus 


Echinus esculentus 


Whole semen* 


Seminal plasma* 
Washed sperm* 


0-04 
0-9 
1-1 


0 


22-6 
0-61 
21 


Washings from sperm* 2-0 


DISCUSSION 


The experimental results obtained in the present 
study fall into two groups: one concerns the con- 
tent and chemical behaviour of phospholipid and 
plasmalogen in semen, particularly of the ram, the 
other deals with the relation of sperm plasmalogen 
to the aerobic as well as the anaerobic metabolism 
of ram semen. 

Whole ram semen was shown to contain about 
380 mg. of plasmalogen/100 ml., 320mg. being 
present in the spermatozoa. Since, however, in an 
average ram ejaculate, the spermatozoa occupy 
about 26% of the total volume (Mann, 1954), it 
follows that the actual concentration of plasma- 
logen in the sperm cells themselves is nearly four 
times that of whole semen, i.e. some 1-2 g./100 g. 
of sperm fresh wt., or 3-6 g./100 g. of sperm dry wt. 
From Table 12, which lists various animal tissues 
according to their plasmalogen-phosphorus con- 
tent, one can see that the concentration of plasma- 
logen in sperm is unusually high. 

As to the actual form in which plasmalogen is 
present in ram spermatozoa, a previous study by 


Table 12. Plasmalogen phosphorus in various 
tissues (from Christl, 1953).and in ram semen 


Results are expressed as mg. of plasmalogen P/100 g. 
fresh wt. of tissue. 


0-16-0-88 
0-85 


Blood (pig, cow, guinea pig, human, dog) 
Pig liver 

Egg yolk 0-87 
Pig pancreas 2-2 
Pig spleen ? 

Cow adrenal 

Cow skeletal muscle 1: 
Calf thymus 13 
Cow brain (grey matter) 20 
Cow heart muscle 21 
Cow brain (white matter) 

Ram semen 17 
Ram spermatozoa 75 


Lovern et al. (1957) has shown that the aldehyd- 
ogenic sperm lipid contains choline as the pre- 
dominating base, and that the ratio choline: phos- 
phorus:aldehyde is 1:1:1. Our present results, 
particularly those obtained in experiments with 
spermatozoa that were incubated with snake 
venom, confirm the phosphorus: aldehyde ratio and 
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also suggest a 1:1 ratio for aldehyde: fatty acid. 
Thus in Expt. 2 of Table 9 the decrease in acyl 
ester resulting from treatment with venom was 
0-51 m-equiv., which is almost equal to the original 
aldehyde content (0-48 m-equiv.). In further 
experiments of similar nature the decrease in acyl 
ester approached, but never significantly exceeded, 
the aldehyde content. In Expt. 2 a value for 
lipid P in excess of 0-48 m-equiv. is to be expected 
since phospholipids other than plasmalogen are 
known to occur in spermatozoa. However, our 
previous analyses (Lovern et al. 1957) indicate that 
this excess should be only about 10%. The high 
value, 0-73 m-equiv., for lipid phosphorus is 
probably due, at least in part, to non-lipid con- 
taminants but it could also arise from the presence, 
in our total lipid extracts, of phospholipids which 
had been eliminated in the course of the purifica- 
tion procedures adopted in the previous work (see 
below). It is clear from Tables 3 and 9 that whereas 
incubation of washed sperm in the absence of 
venom led to liberation of fatty acid the phos- 
phorus retained its lipid nature, and the fatty 
aldehyde, since it was still fast-acting in the 
Feulgen reaction, was not set free. When venom 
was present during incubation similar results were 
obtained except that hydrolysis of acyl esters 
proceeded more rapidly and the plasmalogen then 
reacted very slowly with the Feulgen reagent. The 
observation by Anchel & Waelsch (1944) that 
cyclic acetals react slowly with the Feulgen reagent 
is confirmed, and placed upon a quantitative basis, 
by the results given in Table 2 as well as by the 
comparable results given by Rapport e¢ al. (1957). 
Contrary to Feulgen & Griinberg (1938), we found 
little or no acceleration of the reaction between 
cyclic acetals and the Feulgen reagent on addition 
of Hg?+ ions (Tables 2 and 3). 

The action of venom on sperm plasmalogen can 
be interpreted as being dependent principally upon 
the activity of an enzyme of the phospholipase A 
type, capable of converting plasmalogen into lyso- 
plasmalogen in the same way that lecithin is con- 
verted into lysolecithin, i.e. by the removal of 
fatty acid from the «-position. A similar mech- 
anism for the action of venom was assumed by 
Rapport & Franzl (1957) in their experiments on 
the choline-containing plasmalogen that occurs in 
muscle. The appearance of a plasmalogen which 
was slow-acting in the Feulgen reaction after 
treatment with venom would be consistent with the 
formation of a cyclic acetal. On the other hand, 
Rapport et al. (1957) believe that the lyso-com- 
pound obtained by treating muscle plasmalogen 
with snake venom is not a cyclic acetal but has the 
normal lyso structure. If this is accepted then the 
structural differences between the ‘slow-acting’ 
lysoplasmalogen that is formed during incubation 
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of spermatozoa with venom and the ‘fast-acting’ 
derivative that is present at the end of the contro] 
experiment in the absence of venom remain open 
for further study. 

Studies on the metabolism of sea-urchin sperma. 
tozoa suspended in sea water (Rothschild & (Cle. 
land, 1952; Mohri, 1957) have given clear indica. 
tion that the energy necessary for motility jg 
derived from a breakdown of phospholipids which 
proceeds to the stage of liberation of phosphorus in 
a non-lipid form. There is in fact no clear evidence 
that sugars added to such suspensions can be meta. 
bolized. Maggio & Monroy (1955) have shown that 
suspensions of sea-urchin spermatozoa develop, on 
standing for short periods, a haemolytic activity 
which can be ascribed to the formation of lyso- 
lecithin (or an analogous lyso-compound). In fact 
a phospholipase A diffuses out of the sperm cells 
and can be detected by its action upon added 
lipovitelline. 

Whereas our studies do not support Lardy & 
Phillips’s (194la) claim that the endogenous 
aerobic metabolism of spermatozoa is accompanied 
by a marked fall in the lipid-phosphorus content, 
they provide no evidence contradictory to the con- 
cept advanced by these authors, namely, that 
fatty acids derived from lipids are capable of 
providing an oxidizable substrate for the endo. 
genous respiration of washed sperm cells. The 
following observations are consistent with this 
concept and at the same time they lead us to suggest 
that, in ram spermatozoa, the plasmalogen is the 
source of the fatty acid: (i) the lipid acyl-ester 
content decreases on incubation of washed sperma- 
tozoa; (ii) the respiratory quotient of the washed 
cells is 0-71; (iii) plasmalogen is the predominant 
lipid in ram spermatozoa; (iv) of the lipids known 
to be present in ram spermatozoa only plasma- 
logen is susceptible to hydrolysis by phospho- 
lipase A. Although this phospholipase has been 
shown to occur in sea-urchin spermatozoa, its 
presence and possible role in ram semen remains to 
be investigated. 

Rapport & Franz] (1957) isolated the fatty acid 
fraction released from muscle plasmalogen by 
snake venom and found a mean molecular weight 
of 302, and two double bonds. These results corre- 
spond approximately to the formula C,,H,,0,. If 
one assumes that a comparable fatty acid fraction 
is released from sperm plasmalogen during incuba- 
tion of the washed cells, complete oxidation of the 
liberated acid would require 28 mol.prop. of 
oxygen and would yield 20 mol.prop. of carbon 
dioxide. The expected r.Q. is thus 20/28=0-7], 
which is very close to the experimental values 
(Table 10). In Expt. 1 (Table 9) the decrease in 
acyl-ester content during aerobic incubation was 
0-35 m-equiv./sperm from 100 ml. of semen. The 
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oxidation of the equivalent quantity of fatty acid 
would require about 0-35x28=10m-moles of 
oxygen. The observed oxygen uptake, 4-8 m-moles, 
could thus be fully accounted for by oxidation of 
some of the available fatty acid. Similarly, in 
Expt. 2, the measured oxygen uptake (2-6 m-moles) 
was about half of that required for complete oxid- 
ation of the 0-18 m-equiv. of fatty acid that became 
available during the experiment. 

The present findings are, in one respect, in 
disagreement with our earlier investigation on the 
composition of lipids extractable from ram sperma- 
tozoa (Lovern et al. 1957). In that paper it was 
concluded that the fatty acids obtained on hydro- 
lysis of the sperm lipid were approximately equi- 
molar with the fatty aldehydes of the plasmalogen 
and that in consequence the fatty acids were 
essentially all derived from plasmalogen. Our 
latest results (Table 9) indicate an acy] ester: plas- 
malogen ratio considerably greater than unity. 
This discrepancy might be due to the presence in 
sperm lipid of esters of short-chain acids which, 
after hydrolysis, would have been overlooked in 
our previous work. In addition it is probable that 
inositides were lost during the purification of the 
sperm lipid, before analysis, as described by 
Lovern et al. This possibility was in fact pointed 
out in the same paper. Finally, it should be 


remembered that the work of Lovern et al. involved 
the use of freeze-dried spermatozoa, the lipids of 
which may have become modified during storage. 


SUMMARY 


1. Lipid consisting largely of plasmalogen has 
been extracted from ram semen and analysed for 
its content of fatty aldehyde, acyl ester and phos- 
phorus. 

2. In freshly collected ram semen the bulk of 
plasmalogen was in the spermatozoa at a concen- 
tration of about 1-2 g./100 g. of sperm fresh wt., a 
value which exceeds those encountered in other 
animal tissues. 

3. Sperm-damaging procedures such as freezing 
and extensive washing caused a loss of plasmalogen 
from the spermatozoa into the surrounding 
medium. 

4. Inram spermatozoa treated with snake venom 
the content of acyl ester decreased without a 
corresponding diminution in lipid phosphorus and 
fatty aldehyde. The action of the venom appears to 
depend on an enzymic conversion of plasmalogen 
into lysoplasmalogen. 

5. Aerobic incubation of washed ram sperma- 
tozoa caused a reduction in the acyl-ester but not 
in the fatty aldehyde or lipid-phosphorus content. 
A decrease in the content of acyl-ester bonds 
occurred also during anaerobic incubation. This 
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indicates that fatty acids are set free during sperm 
incubation, in the presence as well as in the 
absence of oxygen. 

6. Measurement of the respiratory quotient of 
a washed sperm suspension gave a value of 0-71, 
suggesting the participation of fatty acids in the 
aerobic endogenous metabolism. 

7. Plasmalogen was also found in the sperm, 
seminal plasma and accessory secretions of animal 
species other than ram. 


We are indebted to Dr R. M. C. Dawson and Dr H. Laser 
for advice on experimental procedures, and we wish to 
thank Dr J. A. Lovern and Dr J. Olley for their most 
helpful criticism of the manuscript. 
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Studies on Pituitary Polypeptide Hormones 
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FROM PIG PITUITARY GLANDS 
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The presence of a melanocyte-stimulating sub- 
stance in the pars intermedia of the pituitary has 
been recognized for well over 30 years as a result of 
the pioneer investigations of Atwell (1919), 
Hogben & Winton (1922), Smith & Smith (1923), 
Zondek & Krohn (1932) and others. Subsequently, 
numerous attempts were made to isolate the 
melanocyte-stimulating principle in pure form, and 
these efforts were finally brought to a successful 
conclusion when highly purified melanocyte- 
stimulating substances were isolated from pig 
pituitary glands by Lerner & Lee (1955), Porath, 
Roos, Landgrebe & Mitchell (1955), Benfey & 
Purvis (1955) and by Geschwind, Li & Barnafi 
(1956). 

The melanocyte-stimulating hormone isolated by 
Lerner & Lee (1955) was found to be a highly basic 
polypeptide (isoelectric point 10-5-11-0), and 
Porath et al. (1955) and Geschwind e¢ al. (1956) 
reported isoelectric points of 5-2 and 5-8 respec- 
tively for the melanocyte-stimulating polypeptides 
which they had isolated. This apparent discrep- 
ancy was resolved when Lee & Lerner (1956) 
showed that both forms of the hormone were 
present in the pig pituitary; it was therefore pro- 
posed that the basic polypeptide which they had 
originally isolated be called «-melanocyte-stimu- 
lating hormone and that the acidic form of the 
polypeptide hormone isolated by the other three 
groups of investigators be called f-melanocyte- 
stimulating hormone. 

In this paper experiments which have led to the 

* Member of the Scientific Staff of the Medical Research 
Council. 

+ University of Cambridge, April-August 1956. 


elucidation of the complete structure of B-melano- 
cyte-stimulating hormone are described. The 
amino acid composition of B-melanocyte-stimulat- 
ing hormone (Roos, 1956) was consistent with an 
octadecapeptide structure containing the following 
amino acid residues (abbreviations for the amino 
acid residues are in accordance with those of Brand 
& Edsall, 1947): Arg,, Asp,, Glu,, Gly, His,, Lys,, 
Met,, Phe,, Pro,, Ser,;, Try,, Tyr,. The amino acid 
sequence of 8-melanocyte-stimulating hormone has 
been determined by application of stepwise 
methods of degradation to the intact octadeca- 
peptide and to peptide fragments derived from it by 
selective degradation with trypsin and chymo- 
trypsin. The complete sequence was deduced in 
this manner, and was subsequently confirmed by 
partial acid-hydrolysis studies (cf. Sanger & 
Tuppy, 195la, 6). 


MATERIALS 


The sample of f-melanocyte-stimulating hormone (f- 
MSH), used in this study, was prepared by one of us 
(P. Roos) at the Institute of Biochemistry, University of 
Uppsala, Sweden, according to the procedure described by 
Porath et al. (1955). Crystalline trypsin and chymotrypsin 
were obtained from the Novo Terapeutisk Laboratorium, 
Copenhagen, and a highly purified preparation of crystal- 
line carboxypeptidase from The Armour Laboratories, 
Chicago, U.S.A. 


METHODS 


N- and C-terminal group and sequence analysis 


‘Stepwise’ degradation from the amino end (Expt. 1). The 
sequence of amino acids from the N-terminal position was 
investigated by means of the phenylthiohydantoin method 
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of Edman (1950), as described by Fraenkel-Conrat, Harris 
& Levy (1955). An aqueous solution (50yl.) of B-MSH 
(25 mg.) was applied to a strip of Whatman no. 1 paper 
(60cm. x 1-5em.). After drying, a 10% solution of phenyl 
isothiocyanate in peroxide-free dioxan (50 yl.) was applied 
to the paper strip, which was then suspended in an atmos- 
phere of aqueous pyridine (1:1, v/v) for 3 hr. at 40°. The 
paper strip was kept in an evacuated desiccator over conc. 
H,SO, to remove excess of pyridine, and was then washed 
by gentle shaking in a stoppered tube with successive 
portions of benzene (at least three washings with 10 ml. of 
A.R.-grade reagent), followed by a 1:1 (v/v) mixture of 
ethanol-ether (peroxide-free; three to five washings), until 
the reading for extinction coefficient at 268 my of the last 
wash solution (10 ml. of ethanol-ether, lhr. at room 
temperature) was less than 0-02. 

The paper strip containing the phenylthiocarbamyl 
(PTC) derivative of B-MSH was freed from solvent and 
placed horizontally in a Petri dish at the bottom of a 
desiccator, between two beakers containing 50-100 ml. 
quantities of acetic acid and constant-boiling HCl re- 
spectively. The desiccator was evacuated (20-50 mm. Hg) 
and left at room temperature. The paper strip was with- 
drawn after 12 hr. and excess of acid was removed in a 
desiccator over KOH pellets. 

The phenylthiohydantoin (PTH) derivative of the N- 
terminal amino acid was extracted into ethanol-ether 
(10 ml.; 1:1, v/v) by gentle shaking at room temperature 
for 30 min.; the extinction coefficient of the solution was 
measured over the range 240-280 my in the Beckmann 
model DU spectrophotometer, and the approximate yield 
of PTH calculated from the reading at the maximum 
(268-270 my). 

After extraction of the PTH derivative of the N-terminal 
aminoacid, the paper strip was resubmitted to the whole cycle 
of operations described above. In all, 8-MSH wassubmitted 
to ten successive applications of the degradative procedure. 

The PTH released in each successive step was identified 
directly by chromatography on paper. Sample portions 
(0:05-0-1 pmole) were applied to Whatman no. 1 paper 
(which had been pretreated with 0-5% soluble starch 
solution) and chromatographed, in the heptane—pyridine 
(70:30, v/v) and heptane—butanol-formic acid (40:40:20, 
by vol.) solvent systems, as described by Sjéquist (1953). 
The PTH compounds were identified by comparing their 
Ry values with those of control PTH compounds. The 
heptane—pyridine system, which was found to be the most 
generally useful solvent system for the PTH compounds 
under investigation, was made up with technical-grade 
laboratory reagents and prior equilibration of the paper 
was unnecessary. Paper sheets were placed directly into a 
trough containing the solvent and the chromatogram was 
developed (by descending chromatography in well-sealed 
all-glass tanks) for 4-6 hr. at constant temp. (25°); in some 
cases resolution of the PTH compounds was improved by 
running the chromatograms for periods of up to 24 hr., the 
solvent being allowed to drip off the end of the paper. 

The chromatograms were dried in a current of air at 
50-60° and the PTH compounds revealed as bleached spots 
on an even-purple background by dipping in the developing 
solution (0-01m-I, in 0-5m-KI and 0-5m-NaN,; 1:1, v/v) 
(see Fig. 1). In some cases samples of the PTH compounds 
were hydrolysed with 6N-HCl for 16 hr. at 150° in sealed 
evacuated tubes, and the amino acids regenerated in this 
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way were identified by chromatography in butanol- 
acetic acid—water (4:1:5, by vol.). 

Studies of C-terminal sequence (Expt. 2). The sequence of 
amino acids from the C-terminal end of the molecule was 
investigated by means of carboxypeptidase (e.g. see Harris, 
1955). 

B-MSH (1 mg.) and carboxypeptidase (0-05 mg.) were 
dissolved in 0-1% NaHCO, (1 ml.) and incubated at pH 
8-0-8-5 and 37°. After 4hr., 0-5ml. of the reaction 
solution was transferred to a test tube containing 50— 
100 mg. of Amberlite [R120 resin (H* form, 20-50 mesh, 
8% cross-linking) ; after 16 hr. the other half of the reaction 
solution was treated in a similar manner. The tubes were 
shaken for 1 hr. and the supernatant solutions withdrawn. 
The resin was then thoroughly washed with water and 
extracted with aq. 5n-NH; soln. (0-5 ml.) for 20 min. The 
two extracts were taken to dryness in vacuo over conc. 
H,SO, and examined for free amino acid(s) by chromato- 
graphy on paper in butanol-acetic acid—water (4:1:5, by 
vol.). 


Enzymic cleavage of 
B-melanocyte-stimulating hormone (Expt. 3) 


Use of pH-stat. The enzymic reactions were carried out, 
in the absence of buffers, by means of a pH-stat (see 
Jacobsen, Léonis, Linderstrom-Lang & Ottesen, 1957). In 
this way the opening of peptide bonds could be followed by 
continuous titration with alkali (0-05-0-1N-NaOH), and the 
total alkali uptake recorded by the pH-stat is the sum of the 
amounts required to titrate all the amino groups liberated 
during the reaction. The relationship between the amount 
of alkali consumed and the number of bonds split by the 
enzyme depends upon the pH at which the reaction is 
carried out and the average pK of the amino groups which 
are formed, according to the expression 

’ RNH, 

pH =pK +log RNH,** 
For example, by comparing the titration curves of ribo- 
nuclease, before and after digestion with subtilisin, Richards 
(1955) estimated that the amino groups which had been 
released in the reaction had an average pK of 7-4, and that 
0-9 mole of H* ion had therefore been produced per mole of 
peptide bond hydrolysed, at pH 8-0. 

In the present investigation enzymic reactions were 
carried out at pH 8-2. The rate of uptake of alkali served 
merely as a guide for following the course of digestion of 
B-MSH by trypsin and chymotrypsin, and for this purpose 
it has been assumed that 80-100% of the amino groups 
released were titrated at pH 8-2. 

Action of trypsin. B-MSH (4-8 mg.) was dissolved in 
water (2 ml.) at pH 8-2 and 30° in the reaction cell of the 
pH-stat. Trypsin (10yl., 0-5% soln.) was added and the 
pH was maintained at 8-2 for 30 min. by the automatic 
addition of 0-05n-NaOH. After 30 min., 0-1N-HCl was 
added to pH 4-0 and the reaction solution was taken to 
dryness in vacuo over conc. H,SQ,. 

Action of chymotrypsin. B-MSH (5-0 mg.) was dissolved 
in water (2 ml.) at pH 8-2 and 30°. Chymotrypsin (10yl., 
0-5 % soln.) was added, and the pH of the reaction solution 
was maintained at 8-2 for 30 min. by addition of 0-05N- 
NaOH as described above. Enzymic digestion was termi- 
nated by the addition of 0-1N-HCl to pH 4-0 and the solu- 
tion was then taken to dryness in vacuo over conc. H,SQ,. 


28-2 
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In a second experiment carried out under the same condi- 
tions the chymotrypsin reaction was allowed to proceed 
for 16 hr. 


Separation of peptide fragments derived from B- 
melanocyte-stimulating hormone: tonophoresis on 
paper 
The procedure used was essentially that of Michl (1951) 

in which ionophoresis was carried out at high-potential 
gradients in pyridine—acetic acid buffers on filter paper 
completely immersed in toluene as described by Ryle, 
Sanger, Smith & Kitai (1955). Samples containing 0-05- 
0-1 umole of each enzymic digest were submitted to iono- 
phoresis on Whatman no. 1 paper at pH 6-5 and at a 
potential gradient of 30-40 v/cm. for 2-3 hr. When the best 
conditions for the fractionation of each enzymic hydro- 
lysate had been established, preparative runs were then 
carried out. Each digest (derived from approx. 2 umoles of 
B-MSH) was applied in the form of a narrow band, contain- 
ing 0-5-1-0 mg. of digest/em., to Whatman no. 3 paper. In 
this manner the various peptide components were separated 
and were located by dipping narrow guide strips cut from 
both edges of the paper in 0-25% ninhydrin soln. in 
acetone. The bands were then eluted into a series of small 
test tubes with 5% acetic acid (0-1-0-2 ml. of solvent was 
found to be sufficient to effect the complete elution of all 
the peptide fragments derived from B-MSH), and the 
peptide solutions were taken to dryness in vacuo over KOH 
pellets and stored at — 10°. 

Sample portions of each peptide component (0-05 
0-lumole) were tested for homogeneity by chromato- 
graphy on paper in butanol-acetic acid—water (both 
4:1:5, and 3:1:1, by vol., systems were used), and were 
also resubmitted to paper ionophoresis in a pyridine—acetic 
acid buffer at pH 3-5. If more than one component was 
revealed by either of these procedures, the entire peptide 
sample was refractionated and the additional peptide com- 
ponent(s) were isolated as described above. 


Characterization of purified peptide fragments : 
amino acid composition 

Sample portions of each of the purified peptide fragments 
(0-05-0-1 pmole of peptide) were examined for the presence 
of tryptophan, histidine and arginine respectively (see 
Block, Durrum & Zweig, 1955), and the complete amino 
acid composition of each peptide was determined (after 
hydrolysis with glass-distilled constant-boiling HCl, in 
sealed evacuated tubes at 105° for 18 hr.) by chromato- 
graphy on paper in butanol-acetic acid—water (4:1:5, by 
vol.), and where necessary by the two-dimensional system 
of Levy & Chung (1953). 


Sequence studies 


Phenyl isothiocyanate method. The N-terminal sequences 
in peptide fragments, derived from B-MSH by the above 
procedures, were investigated by the procedure of Fraenkel- 
Conrat & Harris (1954). The peptide (0-5-1-0 umole) dis- 
solved in water—dioxan (1:1, v/v; 2 ml.) was caused to 
react with phenyl isothiocyanate (25-50 yl.) at pH 9-0 and 
38° for 2 hr. The reaction was carried out under N, in a 
pH-stat as described by Ottesen & Wollenberger (1953). 
The reaction solution was extracted, first with benzene, 
and then with cyclohexane (spectroscopic grade), and the 
residual aqueous solution was taken to dryness in vacuo 
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over conc. H,SO,. The sodium salt of the PTC peptide was 
then dissolved in 3N-HCl (4 ml., prepared from glass. 
distilled, constant-boiling HCl), and the extinction ¢. 
efficient of the solution was measured over the range 
235-280 mp in a Beckman model DU spectrophotometer, 
The formation of the PTH derivative of the N-terminal 
amino acid was followed by measuring the increase ip 
extinction coefficient at 265 my as a function of time, 
When the extinction coefficient at 265 my attained g 
maximum value (2-4 hr.) the acid solution was extracted 
with three 5 ml. portions of redistilled ethyl acetate. The 
combined ethyl acetate extracts were washed with water 
(two 5ml. portions), dried over anhydrous Na,SO, and 
evaporated to dryness in vacuo. The yield of PTH was 
calculated from the total extinction coefficient at 268 mp, 
and suitable portions (0-05-0-1umole) were then analysed 
by chromatography on starch paper. 

The 3n-acid solution containing the residual peptide was 
taken to dryness in vacuo over KOH pellets; the residual 
peptide was then redissolved in water—dioxan (1:1, vjv) 
and the entire degradation procedure was repeated. 

Fluorodinitrobenzene method (Sanger, 1945). Peptide 
T2(3) (Fig. 9a) was caused to react with fluorodinitro. 
benzene (FDNB) in aqueous solution at pH 8-5. The dini- 
trophenyl (DNP) peptide was hydrolysed under N, ina 
sealed tube with glass-distilled, constant-boiling HCl 
(250 yl.) for 8 hr. at 105°, and both the ether-soluble and 
aqueous fractions were investigated by chromatography on 
paper according to Levy (1954). 

C-terminal studies. C-terminal residues (and, wherever 
C-terminal sequences) in peptide fragments 
derived from B-MSH by digestion with trypsin and chymo- 
trypsin were investigated by the carboxypeptidase pro- 
cedure, as described in Expt. 2. 

Partial acid hydrolysis. Peptides T1, T2 and C3 (0-5- 
1-0 umole) were dissolved in conc. HCl (A.R. grade; 36%, 
w/v), and the solutions were incubated at 37° for 1-5 days. 
The acid hydrolysates were evaporated to dryness in 
vacuo over KOH pellets and the products were isolated and 
characterized by the methods described above. 


possible, 


RESULTS 


N-terminal sequence (Expt. 1). When the ‘paper- 
strip’ PTH method was applied to B-MSH the 
PTH derivative of the N-terminal amino acid was 
obtained in 85—90 % yield and was identified as that 
of aspartic acid. In all, B-MSH was submitted to 
ten successive applications of the degradation pro- 
cedure and the N-terminal decapeptide sequence 
was established to be: Asp.Glu.Gly.Pro.Tyr. 
Lys.Met.Glu.His.Phe(?). The results are _illus- 
trated in Fig. 1. 

Although the yields of PTH compounds formed 
at each step decreased progressively, particularly 
in steps 6-9 (Fig. 1), the intensities of spots pro- 
duced by chromatography of 0-05—0-1 umole 
samples (i.e. one-twentieth to one-tenth of the total 
yields based on extinction-coefficient readings at 
268 my) of the PTH compounds isolated in the first 
five steps, were comparable with those produced 
from equivalent quantities of the appropriate 
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Fig. 1. Stepwise degradation of B-MSH by the phenyl isothiocyanate method. Amino acids identified as their phenyl- 
thiohydantoin derivatives by chromatography in heptane—pyridine (70:30, v/v) (1 to 9a) and in heptane—butanol- 
formic acid (40:20:40, by vol.) (96). C, control phenylthiohydantoin compounds. N-terminal sequence is thus 
established to be Asp.Glu.Gly.Pro.Tyr.Lys.Met.Glu. His. 


control PTH compounds; and although the 
characteristic 268 mp peak was not obtained after 
step 5, it was still possible to identify the PTH 
compounds produced in steps 6-10. For example, 
the histidine PTH spot shown in step 9 (Fig. 1; 9b) 
was produced from a sample containing only a 
third of the total yield based on the extinction 
coefficient at 268 my. After the fourth step, small 
amounts of non-specific PTH compounds began to 
appear on the chromatograms, but only in step 10 
did they become sufficiently serious to interfere 
with the sequence analysis. 

C-terminal group. When B-MSH was digested 
with carboxypeptidase (Expt. 2) aspartic acid was 
found to be the only product of reaction; however, 
even after prolonged periods of digestion with a 
large excess of enzyme, less than 0-5yumole of 
aspartic acid was produced per pmole of peptide, 
but since no other amino acids were produced the 
result was sufficiently conclusive to establish its 
identity as the C-terminal amino acid in B-MSH. 

Action of trypsin. The rate of uptake of alkali 
when B-MSH (2 pmoles) was caused to react with 
trypsin at pH 8-2 and 30° is shown in Fig. 2. There 
was a very rapid initial reaction, and 1 umole of 
alkali was consumed/ymole of B-MSH during the 
first 2-3 min., which suggested that one of the 
bonds in the molecule was particularly susceptible 
to hydrolysis by the enzyme. Thereafter the rate of 
uptake of alkali decreased rapidly and when 
approx. 1-8—2-0 pmoles had been consumed/mole of 
substrate (corresponding to the hydrolysis of two 
peptide bonds in the molecule) the reaction ap- 
peared to be complete. 


A sample of the digest (0-1 mole) withdrawn 
after 15 min. was fractionated by ionophoresis at 
pH 6-5 and 40v/cm. for 2 hr., and gave the distri- 
bution of peptide fragments shown in Fig. 3. 
After digestion for 30 min., peptide T 4 had largely 
disappeared, and in a separate experiment it was 
shown to give rise to a mixture of Tl and T3, 
showing that these two peptides are part of the 
same sequence. In accordance with the alkali- 
uptake studies the ionophoresis results showed that 
three major peptide fragments were produced from 
B-MSH by the action of trypsin; the two minor 
components Tla and T3a were formed by the 
combined action of both trypsin and chymo- 
trypsin, which was present to the extent of 1-2% 
in the sample of trypsin which was used for the 
reaction. 

The amino acid compositions of peptides T 1, 
Tla, T2, T3, T3a and T4 are given in Table 1. 

Action of chymotrypsin. The rate of uptake of 
alkali when B-MSH (2 umoles) was hydrolysed with 
chymotrypsin at pH 8-2 and 30° is shown in Fig. 4. 
Approx. 2 pmoles of alkali were consumed/ mole of 
substrate during the first 30min. of reaction; 
subsequently the rate of uptake of alkali became 
very slow, another 0-7—0-8 pmole being taken up 
per mole of substrate during 16 hr. This result 
suggested that two bonds in 8-MSH were hydro- 
lysed rapidly and that this initial reaction was 
followed by the slower hydrolysis of a third bond in 
the molecule. 

When samples of the reaction mixture, with- 
drawn after 30 min. and 16 hr. respectively, were 
submitted to ionophoresis at pH 6-5 and 40v/cem. 
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Rate of uptake of alkali (0-05n-NaOH) during the reaction of B-MSH (4-8 mg.; 0-24% soln.) with trypsin 


Fig. 3. Products of tryptic hydrolysis of B-MSH (0-24% soln., enzyme/substrate ratio, 1:100, by wt.; pH 8-2; 30°; 


15 min.). 
35-40 v/cm.; 3 hr. (see Table 1.) 


Ionophoresis in pyridine-acetate buffer, pH 6-5 (pyridine-acetic acid—water; 10:0-4:90, by vol.); 





Table 1. Amino acid composition of peptides derived 
from B-melanocyte-stimulating hormone by partial 
hydrolysis with trypsin (see Fig. 3) 


Peptide Amino acid composition 


Tl Asp,* Glu, Gly, Lys,t Pro, Tyr 

Tla Asp,* Glu, Gly, Pro, Tyrt 

T2 Asp,t Gly, Lys, Pro,, Ser, Try 

T3 Arg, Glu, His, Met, Phe 

T3a Arg, Glu, His, Lys, Met, Phe 

T4 Arg, Asp,* Glu,, Gly, His, Lys, Met, 
Phe, Pro, Tyr 


* N-terminal residue. + C-terminal residue. 
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Fig. 4. Rate of uptake of alkali (0-05n-NaOH) during the 
reaction of B-MSH (5-0 mg., 0-25% soln.) with chymo- 
trypsin (0-05 mg.) at pH 8-2 and 30°. 





the peptide fragments which had been formed were 
resolved as shown in Fig. 5. In agreement with the 
predictions made on the basis of the alkali-uptake 
measurements, three main peptide fragments were 
found to be present after hydrolysis for 30 min. 
After 16 hr. peptide C2 had largely disappeared 
and had given rise to two additional components, 
C5 and C6. The minor component C4 also dis- 
appeared after prolonged digestion, and in a 
separate experiment it was shown to give rise to 
additional amounts of peptides Cl and C3. It 


et Be 
‘ 4 


Cy Ry 


Fig. 5. Products of chymotryptic hydrolysis of B-MSH 
(0:25% soln., enzyme/substrate ratio, 1:100, by wt.; 
pH 8-2; 30°). Ionophoresis in pyridine-acetate buffer, 
pH 6-5 (pyridine-acetic acid—water; 10:0-4:90, by vol.); 
35-40v/cm.; 3 hr.: A, 30 min. sample; B, 16 hr. sample. 
(See Table 2.) 





Table 2. Amino acid composition of peptides derived 
from B-melanocyte-stimulating hormone by hydro- 
lysis with chymotrypsin (see Fig. 5) 


Peptide Amino acid composition 
Cl Asp,* Glu, Gly, Pro, Tyr 
C2 Arg, Asp,t Gly, Lys, Pro,, Ser, Try 
C3 Glu, His, Lys, Met, Phet 
C4 Asp, Glu,, Gly, His, Lys, Met, Phe,t Pro, Tyr 
C5 Asp,t Gly, Lys, Pro,, Ser 
C6 Arg, Try 


* N-terminal residue. + C-terminal residue. 





emerges therefore that C5 and C6, and C1 and C3, 
respectively form contiguous sequences in the 
B-MSH molecule. The amino acid compositions of 
peptides C 1-C6 are given in Table 2. 

N- and C-terminal group analyses. The C-terminal 
amino acids in peptides T 1, T2, C1, C3, C5 and C6 
were determined by means of carboxypeptidase 
and the results obtained are given in Tables 1-3. 
Like the undegraded B-MSH, T2 and C5 were 
found to contain C-terminal aspartic acid, showing 
that the two peptides are derived from the C- 
terminal portion of the molecule. Similarly, 
aspartic acid was shown to be N-terminal in Cl, 
T1 and T la, indicating that these three peptides 
are derived from the N-terminal portion of 


p-MSH 
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Elucidation of amino acid sequence. From the 
amino acid compositions of the peptide fragments 
isolated from tryptic and chymotryptic digests, 
together with the results of N- and C-terminal 
group analyses, it was possible to deduce the over- 
all general structure of B-MSH, as shown in 
Table 3. 

The sequence of the N-terminal decapeptide in 
s-MSH, which was determined by stepwise degra- 
dation (Fig. 1), agrees in all respects with the 
partial structure deduced independently from the 
enzymie studies. From a combination of the two 
results the sequences in positions 2-4 and 7-9 
could be established, and it remained only to 
determine the sequence of amino acids in positions 
13-17 (Table 3). 

Sequence studies on peptides C5 and C3. When 
the phenyl isothiocyanate-degradation procedure 
was applied to peptide C5, the PTH derivatives of 
glycine, serine and proline were successively 
released in the first three steps, and were identified 
by chromatography in heptane—pyridine. In step 2 
the main serine PTH spot was found to be con- 
taminated with glycine PTH (approx. 10 % of the 
main serine PTH) and similarly the proline PTH in 
step 3 was found to be contaminated with an 
‘artifact spot’ in the position of serine PTH. 

Proline PTH was also the main product of 
reaction in step 4, although in this case three other 
relatively minor components were also found to be 
present after chromatography in heptane—pyridine. 
Although these results were of a qualitative nature 
there seemed to be little doubt that the PTH com- 
pounds formed were released successively from the 
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sequence Gly.Ser.Pro.Pro. (positions 12-16) in 
B-MSH. Aspartic acid was shown to be C-terminal 
by means of carboxypeptidase (Table 3) and the 
presence of lysine as the penultimate residue could 
therefore be inferred from the known amino acid 
composition of C5. The sequence of C5 was thus 
established to be Gly .Ser. Pro. Pro.Lys.Asp. In a 
similar manner the PTH derivatives of lysine, 
methionine and glutamic acid were successively 
released from peptide C3. Phenylalanine was the 
main product of reaction when C3 was digested 
with carboxypeptidase, but after prolonged di- 
gestion (enzyme/substrate ratio 1:10, at pH 8-5 
and 37° for 16 hr.) some histidine (approx. 20% 
of the theoretical yield) was also released by the 
enzyme, showing that the C-terminal sequence in 
C3 is ...His.Phe. The structure of C3 was thus 
shown to be Lys.Met.Glu.His.Phe, and this 
result confirmed the sequence in positions 6-10 in 
B-MSH (Table 3). 


Structure of the B-melanocyte-stimulating hormone 


As the result of stepwise degradation studies on 
the intact peptide, and on peptide fragments 
derived from it by enzymic hydrolysis, the com- 
plete amino acid sequence of B-MSH was estab- 
lished. The results are summarized in Fig. 6. 


Confirmation of structure by partial 
acid hydrolysis studies 
In order to confirm the structure proposed on the 
basis of ‘stepwise’ degradation methods, peptides 
Tl, T2 and C3 were submitted to partial acid 
hydrolysis. 


Table 3. Peptides obtained by tryptic and chymotryptic digestion of B-melanocyte-stimulating hormone : 
a partial structure of the peptide hormone 


Peptide 


a 


= * 
Tl Asp.(Glu, Gly, Pro).Tyr. Lys 


Asp.(Glu, Gly, Pro) Tyr 


Deduced partial structure 


* a 
C3 (Glu, Lys, Met). His. Phe 
(Glu, His, Lys, Met, Phe, Arg) 
T3 (Glu, His, Met, Phe). Arg 


c T 
1 4 


* * 
(Arg, Try) P 
(Arg, Gly, Lys, Pro,, Ser, Try). Asp 


* 
(Gly, Lys, Pro,, Ser, Try). Asp 
(Gly, Lys, Pro,, Ser). Asp 
cy © 


7M eM 18 


' 
Asp.(Glu, Gly, Pro). Tyr. Lys.(Glu, Met). His. Phe. Arg. Try. (Gly, Lys, Pro,, Ser). Asp 
1 5 


6 


* Amino acids released by carboxypeptidase. 


Arrows indicate bonds hydrolysed by trypsin (T) and chymotrypsin (C). 
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10 11) 12 


13 14 15 16 17. 18 


H—Asp.Glu.Gly.Pro.Tyr.Lys.Met.Glu. His. Phe. Arg. Try.Gly .Ser. Pro. Pro. Lys. Asp—OH 


«+ -—-—--¢,----—>C=<---G--- 


Fig. 6. Amino acid sequence of B-MSH. Arrows indicate points of cleavage by trypsin (T) and chymotrypsin (C), 
T1-T4, and C1-C6, represent peptide fragments isolated and characterized. 





Table 4. Products of partial acid hydrolysis of peptide T 1 


Fractions obtained by ionophoresis at pH 6-5 (T1, a-4, Fig. 7) were separately chromatographed in butanol-acetic acid- 
water (4:1:5, by vol.). a, b, c, h and i were chromatographically pure; e and g separated into ¢,, €:, €3, and gj, go re- 


spectively; d and f were not identified. 


Partial acid hydrolysate of peptide T1 
wanliee ao 
Ry in 
butanol- 
acetic acid— 
water 


c 


b 0-22 
c 0-15 
d Sa 
(es 0-20 
0-36 
0-46 


é: é 
les 


. {% 0-18 
” (9s 0-24 
0-16 
0-08 


Sequence: 


Amino acid composition* 
Asp 
Glu 
Glu, Gly 


Gly 
Pro 
Gly, Pro, Tyr 


Gly, Pro, Tyr, Lys 

Pro, Tyr, Lys 

Tyr, Lys 

Lys 

Asp. Glu. Gly. Pro. Tyr. Lys 


* Analysed by chromatography on paper. 


TT - 


abc Tide f gh i 


Fig. 7. Partial acid hydrolysate of peptide T1 (12N-HCl; 
37°; 72hr.). Ionophoresis in pyridine-acetate buffer, 
pH 6-5 (pyridine—acetic acid—water; 10:0-4:90, by vol.); 
35-40 v/em.; 2 hr. 





Peptide T1. Peptide T1 (0-5-1-0ymole) was 
incubated with 12N-HCl (1-0 ml.) at 37° for 72 hr. 
and the acid hydrolysate was fractionated by a 
combination of ionophoresis in pyridine—acetate 
buffer, pH 6-5 (Fig. 7), followed by chromato- 
graphy in butanol-acetic acid—water (4:1:5, by 
vol.) The amino acid composition of each com- 
ponent was determined and the 


results, sum- 


marized in Table 4, showed that all the products of 


hydrolysis had been derived from the sequence 


Asp.Glu.Gly.Pro.Tyr.Lys (positions 1-6 in the 
B-MSH molecule). 

Peptide C3. Peptide C3 (approx. 0-5 umole) was 
hydrolysed with 12N-HCl (0-5 ml.) for 48 hr. at 
37°. The hydrolysate was fractionated by iono- 
phoresis at pH 6°5 (Fig. 8), followed by chromato- 
graphy in butanol-acetic acid, and the amino acid 
compositions of the fragments isolated in this way 
showed (Table 5) that they had been derived from 
the sequence Lys.Met.Glu.His.Phe (positions 
6-10 in B-MSH). 

Peptide T2. Peptide T 2 (approx. 1-0 pmole) was 
hydrolysed with 12N-HCl at 37° for 48 hr. Under 
these conditions it was resolved into three major 
components (Fig. 9a; Table 6). Peptide T 2 (3) was 
subsequently hydrolysed with 12N-HCl for 1 hr. at 
100°; the products of hydrolysis were fractionated 
by ionophoresis at pH 3-5 (Fig. 9b), and their 
amino acid compositions (Table 7) showed that 
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Table 5. Products of partial acid hydrolysis of peptide C3 


Fractions obtained by ionophoresis at pH 6-5 were separately chromatographed in butanol-acetic acid—water (4:1:5, 


by vol.) and gave the additional components shown. 


Partial acid hydrolysate of peptide C3 (Fig. 8) 
AW 





- 
acid—water 


io. .. 10 0-1 
C3: a: {4 aA 


by 0-08 
b: b. 


Band 


0-16 
bs 0-5 
. fe 0-10 
* e 0-19 

d 0-05 
+ {a 0-10 
. ft; 0-09 
Pc: iad 0-22 


Sequence: 


* Analysed by chromatography on paper. 


7 YT a ee r 
C3a b cd e 
Fig. 8. Partial acid hydrolysate of peptide C3 (12N-HCI; 
37°; 48hr.). Ionophoresis in pyridine-acetate buffer, 


pH 6-5 (pyridine-acetic acid—water ; 10:0-4:90, by vol.); 
35-40 v/em.; 2 hr. 


Th ) @ (3) (4)(6)() 


Fig. 9a. Partial acid hydrolysate of peptide 12 (12N- 
HCl; 37°; 48hr.). Ionophoresis in pyridine-acetate 
buffer, pH 3-5 (pyridine-acetic acid—water; 1:10:89, by 
vol.); 35-40 v/cm.; 3 hr. 


c d 


eT ee 


Fig. 9b. Partial acid hydrolysate of peptide T2 (3) (12N- 
HCl; 100°; lhr.). Ionophoresis in pyridine-acetate 
buffer, pH 3-5 (pyridine-acetic acid—water; 1:10:89, by 
vol.); 35-40 v/em.; 2 hr. 


a T2@) b 


Table 6. Products of partial acid hydrolysis 
of peptide T 2 (Fig. 9a) 


Peptide Amino acid composition 


(1) Gly 
T2: 4 (2) *Try, Gly 
(3) Sert(Pro,, Lys). Aspt 
* Ehrlich test positive. 
+ Identified as dinitrophenyl derivative. 
{ Released by carboxypeptidase. 


. 
R, in butanol-acetic 


Amino acid composition* 

Glu, His 

Glu, His, Phe 
Lys, MetSO, Glu 
Lys, Met, Glu 

Phe 

Lys, MetSO, Glu, His, Phe 
Lys, Met, Glu, His, Phe 
Lys, MetSO, Glu, His 
Lys, Met, Glu, His 
Lys, MetSO 
Lys, Met 
Lys. Met.Glu. His. Phe 


Table 7. Products of partial acid hydrolysis 
of peptide T 2 (3) (Fig. 9b) 


Peptide Amino acid composition* 


T2(3): a4 Asp 
Ser 
Ser, Pro, Pro 
Ser, Pro 
Lys, Asp 
Ser, Pro, Pro, Lys, Asp 
Pro, Pro, Lys 
Pro, Lys 
Lys 
Sequence: Ser. Pro. Pro. Lys. Asp 
* Determined by chromatography in butanol-acetic 
acid—water (4:1:5, by vol.). 


they had been derived from the sequence Ser. Pro. 
Pro.Lys.Asp, which forms the C-terminal peptide 
in B-MSH (positions 14-18, Fig. 6). From the 
results given in Table 6 it is clear that T 2 (3) arises 
from T2 by the cleavage of the Gly.Ser bond and 
that the structure of T2 is Try.Gly.Ser.Pro.Pro. 
Lys.Asp. Serine was also shown to be the N- 
terminal group in T2 (3) by the FDNB method. 

The results of the partial acid-hydrolysis studies 
provide additional confirmation for the structure 
which we have proposed for the f-melanocyte- 
stimulating hormone (Fig. 6). 


DISCUSSION 


Elucidation of amino acid sequence. The applica- 
tion of the Edman (1950) and carboxypeptidase 
methods of stepwise degradation to the intact 
octadecapeptide, and to peptide fragments derived 
from it by selective degradation with specific 
proteolytic enzymes and isolated by high-voltage 
ionophoresis on paper, have enabled us to deduce 
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the complete structure of B-MSH. Contrary to the 
experience of others (for example, Shepherd et al. 
1956; Elliott & Peart, 1957), the modified pro- 
cedures for stepwise analysis by the Edman method 
(Fraenkel-Conrat et al. 1955) gave satisfactory 
results when applied to $-MSH. Successive 
phenylthiohydantoin derivatives were obtained in 
good yields and were not extensively contaminated 
with non-specific phenylthiohydantoin compounds 
formed by random cleavage of peptide bonds along 
the chain. The ‘paper-strip’ method, which had 
been previously used to determine the N-terminal 
heptapeptide sequence in corticotrophin (Harris & 
Li, 1954), was used successfully to determine the 
N-terminal decapeptide sequence in B-MSH, and 
the entire procedure was carried out on as little as 
2-5 mg. (1 umole) of the peptide hormone. 

It is recognized, however, that B-MSH may be a 
particularly favourable structure for analysis by 
the Edman (1950) method, since most of the 
peptide bonds in the molecule are relatively 
stable to acid. For example, the peptide fragments 
Gly .Pro.Tyr.Lys (positions 3-6), and Lys. Met. 
Glu. His. Phe (positions 6-10), are found to remain 
partly undegraded after incubation in 12n- 
hydrochloric acid at 37° for 72 and 48hr. re- 
spectively, whereas the C-terminal fragment 
Ser. Pro.Pro.Lys.Asp is partly undegraded even 
after exposure to 12N-hydrochloric acid at 100° for 
lhr. In addition, the two bonds which are re- 


latively labile to acid also occur in positions which 


facilitated the structural analysis. Thus the 
lability of the Asp.Glu bond in the N-terminal 
dipeptide ensured the formation, in good yield, of 
the phenylthiohydantoin derivative of the N- 
terminal amino acid, and the specific lability of the 
Gly .Ser bond (positions 13—14) led to the isolation 
of the C-terminal fragment Ser. Pro. Pro. Lys. Asp 
(formed in almost quantitative yield from the 
fragment Try.Gly.Ser.Pro.Pro.Lys.Asp by in- 
cubation in 12N-hydrochloric acid at 37° for 48 hr.), 
which could then be degraded by the Edman 
method. The presence of three basic and three 
aromatic amino acids, and the fact that seven 
amino acid residues occur only once in the peptide 
chain, also facilitated the formation of fragments 
of suitable size and stability for subsequent 
characterization by stepwise analysis. 

Peptide fragments containing methionine (C3, 
T3, T3a), which gave single components in iono- 
phoresis at both pH 3-5 and 6-5, were each found to 
separate into two components when chromato- 
graphed in butanol-acetic acid—water (4:1:5, by 
vol.). The only detectable difference in each was 
that the component with the lower R, contained 
methionine sulphoxide instead of methionine. 
However, when the material isolated by iono- 
phoresis was treated with 0-2m-thioglycollic acid at 


50° for 24hr. before chromatography, only the 
component with the higher R,, containing methio. 
nine, was obtained. The relatively mild conditions 
under which the methionine residue in B-MSH is 
oxidized to the sulphoxide, and subsequently re. 
duced to methionine, suggests that it is in some way 
implicated in the reactions by which both B-MSH 
and corticotrophin are inactivated by peroxide and 
reactivated by thioglycollic acid (Dedman, Farmer 
& Morris, 1955; Dixon, 1956a), although the sub. 
sequent results of Dedman, Farmer & Morris 
(1957), who find that desulphurized corticotrophin 
is subject to the same reversible oxidation- 
reduction phenomenon, suggest that other groups 
may also be involved. 

Enzyme specificity. The hydrolysis of B-MSH by 
trypsin and chymotrypsin occurred, as expected, 
only at those peptide bonds which conform to the 
specificity requirements of the two enzymes (ef. 
Bergmann & Fruton, 1941), although it should be 
noted that the bond between the penultimate 
lysine and C-terminal aspartic acid residues was 
not hydrolysed by trypsin under the conditions 
used (Expt. 3a). The Lys.Ala bond in the (0. 
terminal Pro. Lys.Ala sequence in the B chain of 
native insulin is, however, readily hydrolysed by 
trypsin, and it can only be inferred that with 
B-MSH the action of the enzyme is inhibited by 
the additional negative charge on the side-chain 
carboxyl group of the C-terminal aspartic acid 
residue. 

An interesting feature of the B-MSH molecule is 
that basic and aromatic amino acids occur in 
adjacent positions. Consequently the resulting 
Tyr.Lys and His. Phe.Arg.Try segments of the 
peptide chain are extremely susceptible to hydro- 
lysis by trypsin and chymotrypsin, and by sub- 
tilisin (Harris & Roos, 1959). For example, the 
Arg.Try linkage was found to be completely 
hydrolysed by trypsin in 2-3min. (enzyme- 
substrate ratio 1:100, by wt.), and by terminating 
the reaction at this stage it was possible to isolate 
the fragment containing amino acid residues I-11 
(Fig. 6) in high yield. Under similar conditions the 
Tyr.Lys and Phe.Arg bonds were completely 
hydrolysed in 30min. by chymotrypsin; the 
Try .Gly bond, on the other hand, is hydrolysed at 
a much slower rate so that peptide C3 (positions 
11-18) remains partly undegraded even after 
16 hr. It should be noted, however, that after the 
rapid hydrolysis of the Phe. Arg bond, the Try. Gly 
bond occurs near to the N-terminal arginine residue 
and consequently its rate of hydrolysis when it 
is part of peptide C3 is likely to be considerably 
slower than is its initial rate of hydrolysis in the 
intact octadecapeptide. 

An interesting feature of the trypsin reaction is 
the formation of the fragment Lys. Met. Glu. His. 
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Phe. Arg (peptide T 3a), owing to the presence of a 
small amount of chymotrypsin in the trypsin which 
was used. Studies with chymotrypsin showed that 
the Phe. Arg bond is hydrolysed more rapidly than 
the Tyr. Lys bond in the intact octadecapeptide. 
However, under the conditions of the trypsin 
reaction (where the chymotrypsin/8-MSH ratio is 
only 1:10 000, by — the N-terminal fragment 
Asp. Glu. Gly . Pro. Tyr. Lys. Met.Glu. His. Phe. 

Arg is formed extremely rapidly by hydrolysis of 
the Arg.Try bond, so that the Phe.Arg bond, 
which is now adjacent to the C-terminal group, 
becomes resistant to hydrolysis by chymotrypsin. 
The Lys. Met bond is hydrolysed less rapidly by 
trypsin, and it appears that in some of the mole- 
cules the adjacent Tyr. Lys bond is split by chymo- 
trypsin before the Lys. Met is split by trypsin. The 
peptide Lys.Met.Glu.His.Phe.Arg, which is 
formed during the initial stages of the reaction, 
thus tends to accumulate, since the Lys.Met and 
Phe. Arg bonds, which are highly susceptible to the 
action of trypsin and chymotrypsin respectively in 
the intact molecule, occur adjacent to the terminal 
groups in peptide 3a and consequently become 
resistant to hydrolysis. 

The C-terminal sequence . . . Pro. Lys. Asp forms 
a particularly unfavourable substrate for carb- 
oxypeptidase, and in view of the specificity require- 
ments of the enzyme (cf. Harris, 1955) it is not 
surprising that release of the C-terminal aspartic 
acid is slow and incomplete. On the other hand, 
lysine and tyrosine, and phenylalanine and histi- 
dine, are successively released from T1 and C3 
respectively; in addition carboxypeptidase was 
also found to hydrolyse the dipeptide Arg.Try 
(ef. Geschwind, Li & Barnafi, 1957 a). The successive 
release of lysine and tyrosine from the Pro. Tyr. Lys 
sequence in peptide T 1 may be contrasted with the 
failure of the enzyme to release amino acids 
directly attached to proline, in tobacco mosaic 
virus protein (...Pro.Ala.Thr) and in insulin 
(...Pro.Lys.Ala). Clearly the affinity of the 
enzyme for C-terminal aromatic residues is 
sufficient to overcome the inhibitory influences of 
adjacent proline and (with Arg.Try) of basic N- 
terminal residues. 


Corticotrophin 


3.4 5 16 


: 3 
#-MSH (pig) H— Asp.Glu.Gly.Pro.|Tyr. 
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Structural and activity relationships between B- 
melanocyte-stimulating hormone and corticotro- 
phin 


The nature of the relationship between the 
melanocyte-stimulating and adrenocorticotrophic 
properties of the pituitary has been the subject of 
much controversy. At one time it was thought that 
the two activities were the property of the same 
hormone molecule (for example, Johnsson & 
Hégberg, 1952; Sulman, 1952), but even before 
corticotrophin and 8-MSH had been isolated in 
pure form there was considerable evidence to 
support the view that the main melanocyte- 
stimulating activity of the pituitary was not 
associated with corticotrophin (see, for example, 
Reinhardt, Geschwind, Porath & Li, 1952). Sub- 
sequently highly purified preparations of cortico- 
trophin were invariably found to possess a small 
but nevertheless constant residual melanocyte- 
stimulating potency, and it is now well established 
that this is an intrinsic property of cotricotrophin 
and is not due to contamination with MSH (Bell, 
1954; Shepherd et al. 1956; Dixon, 1956a). 

In view of the relationships which were found to 
exist between chemical structure and biological 
activity in the posterior-pituitary hormones 
oxytocin and vasopressin (du Vigneaud, 1954), 
there was every reason to expect that possession of 
melanocyte-stimulating activity by both MSH and 
corticotrophin would be reflected by a similarity in 
the arrangement of amino acid residues in their 
respective molecules. The anticipated structural 
similarity has now been revealed. As shown in 
Fig. 10, the heptapeptide Met.Glu. His. Phe. Arg. 
Try.Gly occurs both in the corticotrophins (Bell, 
1954; White & Landmann, 1955; Li et al. 1955) 
(positions 4-10) and in £-MSH (positions 7—13). 
The tyrosine and proline residues (positions 2 and 
12 respectively in corticotrophin) also occur in 
corresponding positions (5 and 15 respectively) 
with respect to the common sequence in £-MSH, 
and but for the transposition of lysine and serine 
residues between positions 6 and 14 in B-MSH the 
sequence of amino acids common to both B-MSH 
and corticotrophin would extend to 11 amino acid 


11 | 12/|13 14 


112s 39 
H — Ser. |Tyr.|Ser. Met. Glu. His. Phe. tie Try. Gly. Lys.| Pro.|Val.Gly.---Phe — OH 


10 11 12 13)14/15/16 17 18 


7 9 
ys | Met. Giu. His. Phe. Arg. Try.Gly.|Ser.|Pro.| Pro. Lys. Asp. — OH 


Fig. 10. Amino acid sequence of B-MSH compared with that of the N-terminal portion of corticotrophin. 
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residues. A chemical basis for the intrinsic melano- 
cyte-stimulating activity of corticotrophin has 
thus almost certainly been revealed. 

Corticotrophin is known to be about 1% as 
active as B-MSH when the melanocyte-stimulating 
potencies of the two substances are compared by 
assay in vivo in Rana pipiens frogs (see, for 
example, Dixon, 19566). It would appear therefore 
that corticotrophin does not contain the full com- 
plement of structural features which are necessary 
for full melanocyte-stimulating activity. Alter- 
natively, it could be envisaged that the sequences 
of the amino acids which in corticotrophin occur on 
either side of the structure common to both 
hormones, and which are presumably essential for 
its adrenal gland-stimulating activity, may at the 
same time inhibit its potential melanocyte-stimu- 
lating potency (see Harris, 1958, 1959; Geschwind 
et al. 1957a). 

A preliminary communication summarizing the 
results of this investigation has already been 
published (Harris & Roos, 1956). The same struc- 
ture was reported by Geschwind et al. (1956, 1957a) 
for the melanocyte-stimulating polypeptide which 
they had isolated from pig pituitary glands, which 
showed that it was identical in all respects with the 
substance isolated originally by Porath et al. (1955) 
and designated B-MSH by Lee & Lerner (1956). 
Geschwind, Li & Barnafi (1957b) have since 
reported the isolation and structure of a B-type of 
melanocyte-stimulating hormone from ox pituitary 
gland; B-MSH (ox) was found to differ from 
B-MSH (pig) only in position (2) (Fig. 6), where the 
glutamic acid residue is replaced by serine in the 
ox hormone. They were, however, unable to con- 
firm the presence, in either pig or ox pituitary 
glands, of another highly active melanocyte- 
stimulating substance (a#-MSH), which Lee & 
Lerner (1956) found to be the major melanocyte- 
stimulating hormone in the pig pituitary gland. 


SUMMARY 


1. The £-melanocyte-stimulating hormone from 
pig pituitary gland has been shown to be an octa- 
decapeptide with the amino acid sequence shown 
at the bottom of the page. 

2. The heptapeptide Met.Glu.His.Phe. Arg. 
Try .Gly is also found in corticotrophin. The tyro- 
sine and proline residues in positions 5 and 15 
respectively also occur in corresponding positions 
with respect to the common sequence in cortico- 
trophin, and but for the transposition of lysine and 
serine between positions 6 and 14 in B-melanocyte- 
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stimulating hormone the sequence common to 
both hormones would extend to 11 amino acids, 
3. These common structural features provide a 
chemical basis for the intrinsic melanocyte- 
stimulating activity of corticotrophin. 
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Studies on Pituitary Polypeptide Hormones 


2. THE ACTION OF PEPSIN AND SUBTILISIN ON 
B-MELANOCYTE-STIMULATING HORMONE 


By J. I. HARRIS* 
Department of Biochemistry, University of Cambridge 


AND P. ROOST 
Institute of Biochemistry, University of Uppsala, Sweden 


(Received 15 July 1958) 


In the preceding paper (Harris & Roos, 1959) the 
B-melanocyte-stimulating hormone was shown to 
be an octadecapeptide containing within its 
structure a sequence of seven amino acids, Met. 
Glu. His. Phe. Arg. Try .Gly, which had previously 
been shown to occur in the corticotrophins. This 
common structural feature is in all probability an 
essential constituent of both melanocyte-stimulat- 
ing and adrenocorticotrophic hormone molecules, 
and appears to provide a chemical basis for the 
intrinsic melanocyte-stimulating activity of corti- 


cotrophin. Several active degradation products of 


corticotrophin have been prepared ; for example, by 
limited proteolysis with pepsin (Bell, Howard, 
Shepherd, Finn & Meisenhelder, 1956), and on the 
assumption that the complete octadecapeptide 
structure of f-melanocyte-stimulating hormone 
may not be essential for its melanocyte-stimulating 
activity, we have attempted to prepare active 
fragments by degrading it under carefully con- 
trolled conditions with a variety of proteolytic 
enzymes. 

In this paper the degradation of B-melanocyte- 
stimulating hormone with pepsin and with the 
bacterial enzyme subtilisin will be discussed. 

* Member of the Scientific Staff of the Medical Research 
Council. 

+ University of Cambridge, April-August 1956. 


MATERIALS 


The f-melanocyte-stimulating hormone (f-MSH) was 
prepared as described previously (Porath, Roos, Landgrebe 
& Mitchell, 1955). Crystalline pig pepsin was obtained 
from The Armour Laboratories, Chicago, U.S.A. and 
crystalline subtilisin, prepared according to Giintelberg & 
Ottesen (1954), was generously donated by Dr M. Ottesen, 
Carlsberg Laboratorium, Copenhagen. 


METHODS 


Action of pepsin. B-MSH (7-0 mg.) was caused to react 
with pepsin (0-7 mg.) in 0-01 N-HCl (1-0 ml.) for 24 hr. at 
37°; the enzyme was then inactivated by immersing the 
solution in a boiling-water bath for 2 min. 

Action of subtilisin. (a) B-MSH (5-0 mg.) was dissolved in 
water (2-0 ml.) and caused to react with subtilisin (0-05 mg.) 
at pH 8-5 and 30° in the reaction cell of a pH-stat (Jacobsen, 
Léonis, Linderstrom-Lang & Ottesen, 1957). A constant 
pH was maintained by the controlled addition of 0-05N- 
NaOH and the rate of hydrolysis was followed by recording 
the uptake of alkali as a function of time. After 20 min. 
the reaction was terminated by the addition of 0-1 N-HCl to 
pH 3-0. 

(b) In a second experiment carried out under the same 
conditions the subtilisin reaction was allowed to proceed 
for 8 hr. 

Fractionation and characterization of peptide fragments. 
The peptide fragments derived from B-MSH by hydrolysis 
with pepsin and subtilisin were fractionated by ionophoresis 
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on paper in pyridine—acetate buffers at pH 3-5 and 6-5 and 
by chromatography on paper in butanol-acetic acid—water 
(4:1:5, by vol.) as described in detail in the preceding 
paper (Harris & Roos, 1959). The presence of tryptophan, 
histidine and arginine residues in chromatographically pure 
peptide fragments was revealed by the use of the appro- 
priate specific reagents (see Block, Durrum & Zweig, 1955), 
and the complete amino acid composition of each peptide 
was determined by paper-chromatographic analysis of the 
respective acid hydrolysates with butanol-aceticacid—water 
(4:1:5, by vol.) or the two-dimensional system of Levy & 
Chung (1953) or both. N- and C-terminal groups were 
determined by the modified Edman and carboxypeptidase 
methods respectively as described by Fraenkel-Conrat, 
Harris & Levy (1955). 

Biological assay of enzymic digests of B-melanocyte- 
stimulating hormone. Tryptic and chymotryptic digests of 
B-MSH, prepared as described previously (Harris & Roos, 
1959), and the pepsin and subtilisin digests described above, 
were assayed for melanocyte-stimulating activity according 
to the method of Landgrebe & Waring (1944). Assays 
were carried out in vivo in Xenopus laevis and Rana pipiens 
frogs. We are grateful to Professor F. W. Landgrebe and 
Dr G. M. Mitchell of the Welsh National School of Medicine, 
and to Dr H. B. F. Dixon, University of Cambridge, for 
their co-operation in carrying out the assay determinations. 


RESULTS 


Action of pepsin. No reaction was detected when 
a solution of B-MSH (0-7% in 0-01n-HCl) was 
digested with pepsin (enzyme/substrate ratio, 
1:100, by wt.) at 25° for 8 hr. When the concentra- 
tion of enzyme was increased ten times and the 
reaction mixture was incubated at 37°, a slow 
reaction was shown to occur, and after 24 hr. no 
unchanged 8-MSH was detected when a sample 


+ @ ; * 
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Fig 1. Peptides formed by the action of pepsin on B-MSH, 
separated by ionophoresis in pyridine—acetate buffer, 
pH 6-5 (pyridine-acetic acid—water; 10:0-4:90, by vol.); 
35-40 v/em.; 3 hr. 
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was examined by ionophoresis at pH 6-5 (Fig. 1), 
As shown, two major components, P, and P,, 
and three minor components, P,, P, and P,, 
were produced by hydrolysis of B-MSH with 
pepsin. 

When chromatographed in butanol—acetic acid- 
water (4:1:5, by vol.) peptide P, was resolved into 
two components, P2a and P2b, the latter being 
present in relatively small amount; peptides P1, 
P 5 and P6, on the other hand, chromatographed as 
pure substances. The chromatographically pure 
peptides, P1, P2a, P 2b, P5 and P6, were analysed 
for constituent amino acids and for N- and 0. 
terminal groups, and the results are given in 
Table 1. Peptide P4 was present in such small 
amounts that its amino acid composition could not 
be determined. 

Action of subtilisin. The rate of uptake of alkali 
when £-MSH (0-25% soln., 2-4ymoles) was di- 
gested with subtilisin (enzyme/substrate ratio, 
1:100, by wt.) at pH 8-5 and 30°, is shown in Fig. 2, 
The reaction was very rapid in the initial stages, 
and in the first experiment digestion was termi- 
nated after 20min. when approx. 2pmoles of 
alkali had been consumed/ymole of substrate; on 
the assumption that 80-100% of the liberated 
amino groups were being titrated at pH 8-5 (ef. 
Harris & Roos, 1959), the amount of alkali con- 
sumed corresponds to the hydrolysis of approxi- 
mately two peptide bonds/mole of B-MSH. 


OH consumed 
(umoles/umole of #-MSH) 


Time (hr.) 


Fig. 2. Rate of uptake of alkali during the reaction of 
B-MSH (0-25% soln.) with subtilisin (enzyme-substrate 
ratio, 1:100, by wt.) at pH 8-5 and 30°. 


Table 1. Structure of peptide fragments produced by peptic hydrolysis of B-melanocyte-stimulating hormone 


Try, His and Arg were identified as described in Block, Durrum & Zweig (1955). 


Peptide 

(Fig. 1) Try 
Pl ~ 
P2a = 
P2b - 
P5 4. 
P6 + 


His Arg 
Asp 
Asp 
Asp 
Phe 


N-terminal* C-terminalt 
residue . 


Amino acid composition and 
residue deduced structure 


Glu Asp.Glu.Gly.Pro.Tyr.Lys.Met.Glu 

His Asp.Glu.Gly.Pro.Lys.Met.Glu. His 

Phe Asp.Glu.Gly.Pro.Tyr. Lys. Met. Glu. His . Phe 
Asp Phe. Arg. Try. Gly .Ser. Pro. Pro. Lys. Asp 
Asp Arg.Try.Gly .Ser. Pro. Pro. Lys.Asp 


* Identified as their phenylthiohydantoin derivatives. 
+ Products of reaction with carboxypeptidase. 
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When a similar reaction was allowed to proceed 
for 8 hr., 3-0—3-2 pmoles of alkali were consumed/ 
pmole of 8-MSH, suggesting that 3-0-3-5 peptide 
ponds had been hydrolysed by the enzyme. 

Samples of the two digests, withdrawn after 
20 min. and 8 hr. respectively, were submitted to 
jonophoresis at pH 6-5 and the distribution of nin- 
hydrin-reacting components is shown in Fig. 3. The 
main products of hydrolysis, peptides $1, $2, 83, 
$6, 87, S8 and 89, were tested for homogeneity 
by chromatography in butanol—acetic acid—water 
(4:1:5, by vol.). Peptides S1, 83, 86, 87 and 89 
appeared to be chromatographically pure, whereas 
§2 and S8 each separated into two components, 
§2a and S 2b and S 8a and 8S 8b respectively (Table 2). 

Peptides $1, S 2a, S 2b, $3, 86, 87, S8a, $8b and 
$9, together with 84 and S85, which were present in 
relatively minor quantities in the 20 min. digest 
only, were examined for constituent amino acids by 
specific colour tests carried out on the intact 
peptides, and by chromatography of their acid 


A 
t 


@rtes@ . * 
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Fig. 3. Peptide fragments present in subtilisin hydro- 
lysates of B-MSH, fractionated by ionophoresis in pyri- 
dine-acetate buffer, pH 6-5 (pyridine—acetic acid—water; 
10:0:4:90, by vol.); 35-40v/em.; 2hr.; A, 20 min. 
sample; B, 8 hr. sample. 


Table 2. 


ACTION OF PEPSIN AND SUBTILISIN ON £-MSH 447 


hydrolysates; in some cases N- and C-terminal- 
group analysis was also carried out. The results are 
summarized in Table 2. 

All the components separated by ionophoresis 
represent single peptides which have been derived 
from B-MSH by degradation with subtilisin. 
Peptides S2a and S8qa contained methionine sul- 
phoxide and represent oxidized forms of the 
methionine-containing peptides S2b and S8b 
respectively. This phenomenon was also en- 
countered among the products of trypsin and 
chymotrypsin digestion of B-MSH and, as described 
previously (Harris & Roos, 1959), the methionine- 
containing peptides can be regenerated from the 
corresponding sulphoxide derivatives by incubation 
with 0-2m-thioglycollic acid at 50°. Peptides 82, 
S4 and 85 represent intermediate peptide frag- 
ments which are present only during the early 
stages of hydrolysis (Fig. 3). 

Sites of hydrolysis. From the results presented in 
Tables 1 and 2 the sites of hydrolysis of B-MSH by 
pepsin and subtilisin are established as shown in 
Fig. 4. 

Biological assay of enzymic digests. Degradation 
products of 8B-MSH, derived from it by degradation 
with trypsin and chymotrypsin (Harris & Roos, 
1959), and with pepsin and subtilisin, as described 
in the present paper, were assayed for melanocyte- 
stimulating activity according to the method of 
Landgrebe & Waring (1944). The peptide fragments 
listed in Table 3 were present in the various 
partial enzymic digests which were used for 
biological assay. In each the enzyme reaction had 
been terminated by heating the reaction solutions 
at 100° for 2 min. at pH 3-0. Solutions of unde- 
graded B-MSH, which had been subjected to the 
same conditions in the absence of enzyme, were 
used as controls. 


Structure of peptide fragments present in subtilisin digests of B-melanocyte-stimulating hormone 


Try, His and Arg were identified as described in Block et al. (1955). 


Peptide 
(Fig. 3) Try His Arg residue 
81 - - - Asp 
82a - ~ Asp 
$2b “ a Asp 
83 - Glu 
84 : ; ; 

85 

86 + 

87 + 

88a ; : - 

S8b F : ~ : 
89 - ~ - Gly 


* Identified as their phenylthiohydantoin derivatives. 
t Products of reaction with carboxypeptidase. 


N-terminal* C-terminalt 


Amino acid composition and 
residue deduced structure 


Tyr Asp.Glu.Gly.Pro.Tyr 
Met{ Asp.Glu.Gly.Pro.Tyr.Lys.MetSO 
Met Asp.Glu.Gly.Pro.Tyr. Lys. Met 
Phe Glu. His. Phe 

; Glu. His. Phe. Arg. Try. Gly .Ser. Prog. Lys. / 

‘ Lys.Met.Glu. His. Phe 
Asp Arg. Try.Gly.Ser.Pro,.Lys.Asp 

: Arg. Try 

Lys.MetSO 

; Lys. Met 

Asp Gly .Ser. Pro. Pro. Lys. Asp 


t Met released only after incubating the peptide with 0-2m-thioglycollic acid (50°; 12 hr.). No reaction was observed 
when Met sulphoxide (MetSO) occurred as the C-terminal amino acid. 
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v v 
H—Asp.Glu.Gly.Pro.Tyr.Lys.Met.Glu. His. Phe. Arg. Try.Gly.Ser. Pro. Pro. Lys. Asp—OH 





8, 


8, 


-_ 
Subtilisin 


Fig. 4. Hydrolysis of B-MSH by pepsin (P) and subtilisin (5). 


+, Major sites of hydrolysis. 


4, Minor sites of hydrolysis. (See Tables 1 and 2.) 


Table 3. Peptide fragments present in partial enzymic digests of B-melanocyte-stimulating hormone, 
assayed for melanocyte-stimulating activity 


Italicized residues form part of the ‘common sequence’. 


Enzyme 


Trypsin* 


Peptide fragments identified in partial enzymic digests 
Asp.Glu.Gly.Pro.Tyr.Lys.Met Glu.His.Phe.Arg (T4) 


Try .Gly .Ser.Pro.Pro.Lys.Asp (T2) 


Chymotrypsin{ 
Pepsin{ 


Subtilisin§ 


Asp.Glu.Gly. Pro. Tyr. Lys. Met.Glu. His. Phe (C4) 
Arg. Try .Gly.Ser.Pro.Pro.Lys.Asp (C2) 
Asp.Glu.Gly. Pro. Tyr. Lys. Met.Glu. His (P 2a) 
Phe. Arg. Try .Gly .Ser.Pro.Pro.Lys.Asp (P5) 
Asp.Glu.Gly.Pro.Tyr. Lys. Met (S2) 


Glu.His.Phe.Arg.Try.Gly.Ser.Pro.Pro.Lys.Asp (84) 


* Fig. 3, Harris & Roos (1959). 

+ Fig. 5, Harris & Roos (1959). 
Since the yields of the various peptide fragments 
differed considerably, varying between 5 and 10% 
for C4 and S84 to approx. 80% for P2a and P5 
(Table 3), assay determinations were carried out 


with up to 100 times the amount (in terms of 


equivalents of B-MSH) of undegraded ~-MSH 
which was required to give a maximum response. 
Under these conditions no significant melanocyte- 
stimulating activity was detected in any of the 
digests studied. 


DISCUSSION 


Structure and activity of B-melanocyte-stimulating 
hormone. Some of the peptide fragments listed in 
Table 3 were present in relatively small amounts; 
the subtilisin digest, for example, contained only 
5-10 % of peptide 8 4, and in this case it is possible 
that an activity corresponding to 0-1—0-5 % of the 
undegraded hormone might not have been detected 
despite the large dose which was employed. In 
addition, assays were in all cases carried out on 
unfractionated enzymic digests, and the possibility 
that the activity of a potentially active fragment 


{ Fig. 1, this paper. 
§ Fig. 3, this paper. 


may have been inhibited in the presence of other 
products of digestion has not been eliminated. 
Nevertheless, both the N-terminal peptide 
fragment, T1 (positions 1-11 in B-MSH), and the 
C-terminal fragment, 84 (positions 8-18 in f- 
MSH), which contain five and six respectively of 
the seven amino acid residues which constitute the 
heptapeptide structure common to both cortico- 
trophin and 8-MSH, appear to be inactive as 
melanocyte-stimulators. Thus in all the cases 
which have been studied the selective hydrolysis of 
any one of the peptide bonds within the common 
sequence leads to extensive inactivation of the 
hormone, which suggests that this key heptapeptide 
structure is an essential constituent of a highly 
active melanocyte-stimulating polypeptide. 
Specificity of pepsin. Systematic studies of the 
specificity requirements of the more well-defined 
and characterized proteolytic enzymes have been 
undertaken mainly with reference to synthetic 
substrates of relatively simple structure. The 
pioneer studies of Bergmann and his associates (for 
review see Bergmann & Fruton, 1941) gave rise to 
the general belief that the specificity of an enzyme 





1959 


of other 
bed. 

peptide 
and the 
3 in f- 
ively of 
jute the 
cortico- 
tive as 
> Cases 
Lysis of 
ommon 
of the 
peptide 
highly 


of the 
defined 
e been 
nthetic 
>», The 
tes (for 
rise to 


nzyme 





Vol. 71 


was determined by the nature of the side chains, 
and of other functional groups, present in the 
amino acid residues which formed the immediate 
environment of a susceptible peptide bond. More 
recently longer peptide chains of known amino 
acid sequence, such as the oxidized A and B chains 
of insulin (Sanger & Tuppy, 1951; Sanger & 
Thompson, 1953), and oxidized ribonuclease (Hirs, 
Stein & Moore, 1956), have become available for 
study, and although the specificity requirements 
originally postulated for trypsin have been found to 
apply to a variety of naturally occurring peptides 
and proteins, pepsin has been found to possess a 
much broader and less predictable specificity than 
was envisaged from the original studies on syn- 
thetic substrates (cf. Sanger & Tuppy, 1951; 
Bailey, Moore & Stein, 1956; Cole, Li, Harris & 
Pon, 1956). With «-corticotrophin, for example, 
several bonds, including Phe.Pro, Ala. Phe, 
Ser.Glu, Ala.Ser, Asp.Glu and Asp.Asp, which 
occur in the C-terminal ...Asp.Asp.Glu. Ala. 
Ser.Glu.Ala.Phe.Pro.Leu.Glu.Phe sequence 
(positions 28-39) in the molecule, were found to be 
highly susceptible to hydrolysis by pepsin (Cole 
et al. 1956). Prolonged digestion with higher con- 
centrations of pepsin also resulted in the slow 
hydrolysis of the Glu. His bond (positions 8—9) in 
the N-terminal portion of the corticortrophin 
molecule (White & Landmann, 1955; Li et al. 
1955). 

In the present investigation it has been shown 
that although B-MSH is highly resistant to the 
action of pepsin, prolonged reaction with a high 
concentration of enzyme results in the hydrolysis, 
not as might have been expected, of the Glu. His 
bond as in corticotrophin, but mainly. of the ad- 
jacent His. Phe bond in the N-terminal Asp.Glu. 
Gly. Pro.Tyr.Lys.Met.Glu.His.Phe section of 
the molecule. 

Thus although the Glu. His and His. Phe bonds 
occur as part of the same common heptapeptide 
structure in both corticotrophin and £-MSH, the 
major sites of action of pepsin appear to be different 
in the two molecules. Unless crystalline pepsin 
preparations from different sources contain variable 
proportions of more than one enzyme, it must be 
concluded that factors other than the nature of 
the side chains of the amino acids forming a 
potentially susceptible bond are involved in 
determining the ‘specificity sites’ of this enzyme. 

Specificity of subtilisin. Although the specificity 
requirements for the hydrolysis of peptide bonds 
by the bacterial enzyme subtilisin (Giintelberg & 
Ottesen, 1954) have not been clearly established, 
all the available evidence suggests that crystalline 
preparations of this enzyme exhibit a very broad 
specificity towards a variety of peptide and protein 
substrates. Under carefully controlled and well- 
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defined conditions, subtilisin is capable of degrad- 
ing native proteins such as ovalbumin (Linder- 
strom-Lang & Ottesen, 1947; Ottesen, 1958) and 
ribonuclease (Kalman, Linderstrom-Lang, Ottesen 
& Richards, 1955; Richards, 1955) in a highly 
selective manner, but in other cases, such as 
insulin (Haugaard & Haugaard, 1955; Meedom, 
1955), the B chain of oxidized insulin (Tuppy, 
1953), and glucagon (Sinn, Behrens & Bromer, 
1957), extensive and apparently non-specific de- 
gradation was found to occur. In the oxidized B 
chain of insulin, for example, 18 out of 30 bonds 
were ultimately found to be susceptible to hydro- 
lysis by subtilisin. 

The present investigation reveals that a total of 
four out of the 17 bonds in B-MSH are susceptible 
to hydrolysis by subtilisin; three bonds, Met.Glu, 
Tyr. Lys and Phe. Arg, are hydrolysed rapidly and 
at approximately comparable rates, whereas a 
fourth bond, Try.Gly, is hydrolysed at a consider- 
ably slower rate. The presence of appreciable 
amounts of the intermediate fragment Asp.Glu. 
Gly.Pro.Tyr.Lys.Met (peptide 82), and to a 
lesser extent of Glu.His.Phe.Arg.Try.Gly.Ser. 
Pro.Pro.Lys.Asp (peptide $4), during the early 
stages of the reaction indicates that on the average 
the Met.Glu bond is hydrolysed more rapidly than 
the others. If one were to consider one particular 
molecule then once this initial cleavage has 
occurred, the other susceptible bonds, Tyr. Lys 
and Phe.Arg, find themselves in an appreciably 
different environment; thus the proximity of the 
Tyr.Lys bond to the newly formed C-terminal 
methionine residue in peptide S2 might be ex- 
pected to decrease its rate of hydrolysis relative to 
that of the Phe. Arg bond in peptide $4, and as a 
result fragment S 2 accumulates to a greater extent 
than 84 during the course of digestion. 

On the other hand, the transient formation of the 
fragment lLys.Met.Glu.His.Phe (peptide S85, 
Fig. 4) shows that in a certain proportion of intact 
molecules the Tyr.Lys bond is split before the 
Met.Glu bond; the rate of hydrolysis of the Met. 
Glu bond in these molecules would then be ex- 
pected to decrease owing to its proximity to the 
N-terminal lysine residue, so that peptide S5 tends 
to accumulate during the early stages of the 
reaction. However, as the reaction proceeds all the 
intermediate fragments eventually disappear; the 
only one found to remain after 8 hr. is Arg. Try. 
Gly .Ser.Pro.Pro.Lys.Asp (peptide 86, Fig. 3), 
and its survival may in part be due to the influence 
of the N-terminal arginine residue on the rate of 
hydrolysis of the neighbouring Try.Gly bond (ef. 
Harris & Roos, 1959). 

The general course of the reaction of subtilisin 
with B-MSH is reflected in the general shape of the 
alkali-uptake curve shown in Fig. 2. The rapid 
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initial reaction, during which approximately three 
bonds are split per mole of substrate, occurs during 
the first 90-120 min.; the subsequent part of the 
hydrolysis curve represents the slower hydrolysis 
of the Try.Gly bond in peptide S86, and if the 
reaction had been allowed to go to completion, the 
B-MSH molecule would have been completely 
degraded into the five peptide fragments S81, 88, 
83, 87 and 89 (Fig. 4). 

The action of subtilisin on 8-MSH has many 
features in common with its action on glucagon 
(Sinn et al. 1957), in which the following bonds were 
found to be split: Glu(NH,).Gly, Phe.Thr, 
Ser. Asp, Ser. Lys, Tyr.Leu, Arg.Arg, Glu(NH,). 
Asp, Phe.Val, Try.Leu and Met.Asp(NH,). In 
almost every case hydrolysis has occurred, either 
at bonds involving the carboxyl group of aromatic 
amino acids, methionine and glutamine, or at 
bonds involving the amino group of both basic and 
acidic amino acids. The four bonds which are 
hydrolysed in 8-MSH, Met.Glu, Phe. Arg, Tyr. Lys 
and Try.Gly, fall into one or other of these two 
categories, and the first three bonds could be con- 
sidered to combine both of these structural 
features. 

These observations, however, do not appear to 
apply in all cases, since peptide bonds of an 
entirely different nature are found to be hydrolysed 
in insulin (Meedom, 1955) and in the B chain of 
oxidized insulin (Tuppy, 1953). For example, 


bonds involving the carboxyl group of leucine 


residues in glucagon, and of glutamic acid residues 
in both glucagon and £-MSH, are not attacked to 
any appreciable extent by subtilisin, whereas in 
insulin bonds of this type were found to be highly 
susceptible to the action of the enzyme. Subtilisin 
does not in fact appear to possess any well-defined 
‘residue specificity’, and for all practical purposes 
its apparent specificity seems to be largely deter- 
mined by the overall amino acid sequence and 
configuration of the substrate. 

Thus in any particular substrate a limited 
number of bonds occurring in certain favourable 
positions in the structure of the intact molecule are 
likely to be hydrolysed much more rapidly than 
others. Once these initial cleavages have occurred, 
other bonds, which are potentially susceptible to 
hydrolysis in the intact molecule, become re- 
latively resistant to the action of the enzyme when 
they occur in proximity to newly formed N- or C- 
terminal groups (cf. Harris & Roos, 1959). Hence 
with subtilisin the sites of initial hydrolysis may 
play a more important role in determining the sub- 
sequent course of hydrolysis than the presence of 
any predictable combinations of specific amino 
acid residues. By way of contrast, enzymes such as 
trypsin, which have a_ well-defined ‘residue 
specificity’, attack peptide bonds at predictable 
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and reproducible sites, so that the ultimate pattern 
of hydrolysis is largely independent of the relative 
initial rates of hydrolysis of the various susceptible 
bonds. 


SUMMARY 


1. The action of pepsin and subtilisin on the £. 
melanocyte-stimulating hormone has been studied, 
The sites of hydrolysis by the two enzymes have 
been identified and the peptide fragments pro- 
duced have been isolated and characterized. 

2. Partial enzymic digests of B-melanocyte- 
stimulating hormone, produced by selective hydro. 
lysis of the octadecapeptide with trypsin, chymo- 
trypsin, pepsin and subtilisin, have been assayed 
for melanocyte-stimulating activity and found to 
be relatively inactive. These results suggest that 
the cleavage of any one of the peptide bonds which 
occurs within the heptapeptide structure Met. 
Glu. His.Phe.Arg.Try.Gly, common to _ both 
B-melanocyte-stimulating hormone and corticotro- 
phin, leads to extensive inactivation of the hormone, 

3. The specificities of pepsin and subtilisin are 
discussed in the light of their action on f-melano- 
cyte-stimulating hormone and other substrates. 


The authors are grateful to Professor A. Tiselius and 
Professor F. G. Young for making this collaborative in- 
vestigation possible; and to Dr F. Sanger, for his interest, 
and for placing the facilities of his laboratory at our dis- 
posal. One of us (P.R.) is indebted to the Swedish Natural 
Sciences Research Council and the Stiftelsen Lars Hiertas 
Minne for financial support. 
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Studies on Pituitary Polypeptide Hormones 


3. THE STRUCTURE OF «-MELANOCYTE-STIMULATING HORMONE 
FROM PIG PITUITARY GLANDS 


By J. I. HARRIS* 
Department of Biochemistry, University of Cambridge 


(Received 15 July 1958) 


a-Melanocyte-stimulating hormone, which appears 
to be the major active melanocyte-stimulating 
substance in the pig pituitary gland (Lerner & 
Lee, 1955), has been shown to be a highly basic 
polypeptide (isoelectric point 10-5—11-0), which is 
readily separable from f-melanocyte-stimulating 


hormone. The results of amino acid analysis (Lee & 
Lerner, 1956) suggested that the «-melanocyte- 
stimulating hormone molecule was composed of at 
least 37 amino acid residues, and that it contained 
several amino acids which were not present in 
p-melanocyte-stimulating hormone (Harris & Roos, 


1956, 1959a; Geschwind, Li & Barnafi, 
1957 a). 

Of the seventeen different constituent amino 
acids, alanine, aspartic acid, cystine, threonine 
and leucine occurred in relatively small amounts; 
if these five amino acids were considered to be 
integral constituents of «-melonocyte-stimulating 
hormone, then it would be necessary to assume 
that three lysine and two arginine residues were 
also present, and that consequently from four to 
six peptide fragments would be formed by hydro- 
lysis of the molecule with trypsin. However, when 
the «-melanocyte-stimulating hormone preparation 
was submitted to the action of trypsin, only two 
major peptide fragments were produced, and these 
were found to contain all the amino acids present 
in the original undigested sample, with the ex- 
ception of the five amino acids listed above; these 
were subsequently shown to occur exclusively in 

* Member of the Scientific Staff of the Medical Research 
Council. 
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relatively minor and non-stoicheiometric products 
of the trypsin reaction. 

This unexpected result suggested that the five 
amino acids, alanine, aspartic acid, cystine, threo- 
nine and leucine, were not integral constituents of 
the «-melanocyte-stimulating hormone molecule, 
and that they were in fact present in related 
peptide impurities which had not separated from 
the hormone under the conditions used for its 
isolation. When the results of amino acid analysis 
were re-examined in the light of this possibility, it 
was found that the following amino acid composi- 
tion could be deduced for «-melanocyte-stimulat- 
ing hormone on the basis of whole-number ratios 
of the other 12 constituent amino acids: Arg,, 
Glu,, Gly,, His,, Lys,, Met,, Phe,, Pro,, Ser,, Try,, 
Tyr,, Val,. According to this assumption «- 
melanocyte-stimulating hormone was likely to be 
a tridecapeptide, and a close structural similarity 
to both corticotrophin and £-melanocyte-stimulat- 
ing hormone could readily be envisaged. It was 
therefore decided to proceed with structural 
studies without attempting any further purifica- 
tion of the very limited supply (10-12 mg.) of the 
hormone preparation which was available to us. 

In this paper experiments which have led to the 
elucidation of the structure of «-melanocyte- 
stimuiating hormone are described, and_ its 
chemical and biological relationships to both B- 
melanocyte-stimulating hormone and _ cortico- 
trophin are discussed. Preliminary accounts of 
these findings have already been published else- 
where (Harris & Lerner, 1957; Harris, 1958). 
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MATERIALS 


The sample of «-melanocyte-stimulating hormone («-MSH) 
which was used in the present investigation was prepared by 
Dr Teh Lee at the Yale University School of Medicine, by 
a procedure which has already been described (Lee & 
Lerner, 1956). The crystalline enzymes trypsin and chymo- 
trypsin were kindly donated by the Novo Terapeutisk 
Laboratorium, Copenhagen, and a highly purified prepara- 
tion of crystalline carboxypeptidase was obtained through 
the courtesy of The Armour Laboratories, Chicago, U.S.A. 


METHODS 


Amino acid composition. The amino acid composition of 
a-MSH was determined by the procedure of Moore & Stein 
(1954). We are indebted to Mr M. W. Rees and Miss B. D. 
Worboys for carrying out this analysis. 

N- and C-terminal groups. The N-terminal group in 
a-MSH was investigated by means of a modification 
(Fraenkel-Conrat, Harris & Levy, 1955) of the phenyl 
isothiocyanate method (Edman, 1950). An aqueous solu- 
tion of «-MSH (1-6 mg.; 0-8-1-0umole) was applied to a 
strip of Whatman no. | filter paper (6 cm. x 1-5 em.) and 
caused to react with phenyl isothiocyanate (20 yl. of 10% 
soln. in dioxan) in an atmosphere of aqueous pyridine, at 
40° for 3hr. The paper strip containing the phenylthio- 
carbamyl] derivative of «-MSH was. washed with benzene 
and ethanol-ether (1:1, v/v), and was then placed in an 
evacuated desiccator containing acetic acid and 6N-HCl 
for 8 hr. at room temp., in order to form the phenylthio- 
hydantoin derivative of the N-terminal amino acid. The 
paper strip was again extracted with ethanol-ether (1:1, 
v/v) and the extract was submitted to chromatography on 
paper as described by Harris & Roos (1959a). 

The N-terminai group in «-MSH was also investigated by 
the fluorodinitrobenzene method (Sanger, 1945), according 

to the modified procedure described in Fraenkel-Conrat 
et al. (1955). 

Reaction with carboxypeptidase. «-MSH (0-8 mg.; 
approx. 0-5ymole) was dissolved in 0-1% NaHCO, 
(0-5 ml.) and caused to react with carboxypeptidase 
(0-05 mg.) at pH 8-0-8-5 and 30° for 12 hr. The reaction 
mixture was acidified to pH 4-0, concentrated in vacuo 
over KOH and submitted to chromatography in butanol- 
acetic acid—water (4:1:5, by vol.). 


inzymic degradation of 
a-melanocyte-stimulating hormone 


Action of trypsin. a-MSH (2-8 mg.; 0-2% soln.) was 
digested with trypsin (0-02 mg.) at pH 8-5 and 30°. A 
constant pH was maintained by means of a pH-stat 
(Jacobsen, Léonis, Linderstrom-Lang & Ottesen, 1957) and 
the course of the reaction was followed by measuring the 
uptake of alkali as a function of time. After 30 min. the 
solution was acidified to pH 4-0 and evaporated to dryness 
tn vacuo over KOH. 

Action of chymotrypsin. «-MSH (4-4 mg.; 0-2% soln.) 
was digested with chymotrypsin (0-05 mg.) at pH 8-5 and 
30°. The reaction was followed in the pH-stat as described 
above. A sample (1 ml.) was withdrawn after 30 min. and 
acidified to pH 3-5 to prevent further enzyme action; the 
remainder was allowed to react for 16 hr. The two samples 
were then concentrated to dryness in vacuo over KOH. 
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Isolation and characterization of peptide fragments, The 
peptide fragments derived from «-MSH by reaction with 
trypsin and chymotrypsin were fractionated, by iono. 
phoresis on paper in pyridine-acetic acid buffers of pH 35 
and pH 6-5 and by chromatography on paper in butanol- 
acetic acid—water (4:1:5, by vol.), as described in detail by 
Harris & Roos (1959a). The presence of tryptophan, 
histidine and tyrosine residues in chromatographically 
pure peptide fragments was investigated by means of 
specific colour tests (Block, Durrum & Zweig, 1955), and 
the complete amino acid composition of each peptide was 
determined by chromatography of their acid hydrolysates 
(6n-HCl; 18 hr.; 100-105°) in butanol—acetic acid—water 
(4:1:5, by vol.) and phenol-borate buffer, pH 9-3 (Levy & 
Chung, 1953). 

Structural studies on peptide fragments. N-terminal 
group and sequence studies on peptides isolated from the 
chymotryptic digest of «-MSH were carried out by a 
modification (Fraenkel-Conrat et al. 1955) of the phenyl 
isothiocyanate method; the corresponding C-terminal 
amino acids were investigated by the carboxypeptidase 
method as described by Harris & Roos (1959a). 

Partial acid hydrolysis. Peptide fragments produced by 
chymotryptic digestion of «-MSH were submitted to 
partial acid hydrolysis in 12N-HCl at 37° for 3-4 days. The 
peptide mixtures produced in this manner were separated 
by ionophoresis and chromatography on paper and 
characterized as described above. 

Identification of the N-acyl substituent. N-acylamino acid 
and peptide derivatives were revealed on paper chromato- 
grams and ionograms by means of the Pauly & Rydon 
(Block et al. 1955) and tert.-butyl hypochlorite (Schwartz & 
Pallansch, 1958) reagents. The N-terminal peptide (N- 
acylseryltyrosine, approx. 0-5ymole), isolated from a 
chymotryptic digest of «-MSH, was also hydrazinolysed 
(Niu & Fraenkel-Conrat, 1955) by heating in a sealed tube 
with anhydrous hydrazine (0-5 ml.) for 10hr. at 100°. 
Excess of hydrazine was removed in vacuo over cone. 
H,SO, and the products of hydrazinolysis were investi- 
gated by chromatography on paper in pyridine—aniline- 
water (9:1:4, by vol.) and in collidine—water (10:2, v/v) 
(H. Fraenkel-Conrat, personal communication). 


RESULTS 


Amino acid composition. A portion (2-4 mg.) of 
the «-MSH preparation was hydrolysed under 
reflux with 5ml. of 6N-HCl for 24 hr. and the 
hydrolysate was analysed for constituent amino 
acids on a Dowex 50 column by the method of 
Moore & Stein (1954). Tryptophan was estimated 
spectrophotometrically (Goodwin & Morton, 1946), 
and amide nitrogen was determined by the micro- 
Conway method. The results are summarized in 
Table 1. From 2-4 mg. of the sample of «-MSH 
which was taken for hydrolysis, only 1-4 mg. was 
recovered from the column in terms of amino acids 
(anhydrous residues) and ammonia. This repre- 
sents a recovery of approx. 60 % in terms of «-MSH 
peptide and shows that the preparation of «-MSH 
under study contained up to 40% of non-peptide 
material (cf. Lee & Lerner, 1956). 
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N- and C-terminal groups. No free N-terminal 
group could be detected when the phenyl isothio- 
cyanate and fluorodinitrobenzene methods were 
applied to a-MSH, and no free amino acids were 
released when it was caused to react with carboxy- 
peptidase. The absence of end groups suggested 
the possibility of a cyclopeptide structure; alter- 
natively it would be necessary to assume that the 
a-NH, group was not free to react with the end- 
group reagents, and that the C-terminal amino 
acid did not conform to the specificity requirements 
of carboxypeptidase (Harris, 1955). 

Action of trypsin. When «-MSH (approx. 1 pmole, 
based on peptide content) was digested with 
trypsin at pH 8-5 and 30° in the pH-stat, a very 
rapid reaction was observed; approx. 1 pmole of 
base was taken up during the first 5 min. and the 
reaction appeared to be complete after 30 min. 
when 1-2 pmoles of base had been consumed. When 
the digest was submitted to ionophoresis at pH 6-5, 
it was resolved into two major components, T, and 
T, (Fig. 1); three other components were also 
present in relatively small amounts, but it was not 
found possible to characterize them completely. 
It was established, however, that alanine, aspartic 
acid, cystine, threonine and leucine occurred 
exclusively in these three fragments, which were 
presumably derived by tryptic degradation of 
peptide impurities present in the «-MSH prepara- 
tion. On the other hand, the amino acids present in 
peptides T, and T, (Table 2) accounted for all the 
amino acids which were assumed to be present in 
the tridecapeptide structure proposed for «-MSH 
(Table 1). 

Action of chymotrypsin. When a sample of «-MSH 
(44mg., containing 2-6 mg., approx. 1-5 umoles, 
of a-MSH peptide) was caused to react with chy- 
motrypsin at pH 8-5 and 30°, approx. 2 umoles of 
alkali were consumed/ mole of substrate during the 
first 30 min. Thereafter the rate of uptake of alkali 
became very slow, and after 16hr., when the 
reaction appeared to be virtually complete, 2-6— 
2:8 nzmoles of alkali had been consumed/yumole of 
substrate. This result suggested that two peptide 
bonds in «-MSH were hydrolysed rapidly, and that 
this initial reaction was followed by a much slower 
hydrolysis of a third bond in the molecule. Samples 
of the digest (equivalent to 0-1 umole of «-MSH) 
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were withdrawn after 30min. and 16hr. re- 
spectively, and by ionophoresis at pH 6-5 the 
peptide fragments illustrated in Fig. 2 were ob- 
tained. Peptide C,, which did not stain with nin- 
hydrin, gave a positive tyrosine reaction. Peptides 
C,, C,, C, and C, appeared to be pure by chromato- 
graphy in butanol-acetic acid—water (4:1:5, by 
vol.), but C, was resolved into two components: 
C,, and C,,. Samples of the chromatographically 
pure peptides were analysed for constituent amino 
acids and for N- and C-terminal groups, and the 
results obtained are summarized in Table 3. 





Table 1. Amino acid composition of «-melanocyte- 
stimulating hormone 


Deduced 
amino acid 
composition 
of «-MSH+ 


Amino 
acid 
(mole/ 
1722 g.)* 
0-26 
1-08 0-16 
9-06 1-50 
6-81 1-0 
7-56 0-89 
3-96 0-91 
0-72 0-14 
5-68 0-84 
6-86 0-79 
0-80 0-10 
8-36 0-80 
9-18 0-96 
0-97 0-99 
9-79 1-15 
6-56 0-74 
9-18 0-91 
11-40 0-96 


‘ Anhydrous’ 
residue 
(g./100 g. 
of peptide) 
2-04 


Amino acid 
Aspartic acid 
Threonine 
Serine 
Proline 
Glutamic acid 
Glycine 
Alanine 
Valine 
Methionine 
Leucine 
Tyrosine 
Phenylalanine 
Ammonia 
Lysine 
Histidine 
Arginine 
Tryptophan 


* Based on the molecular weight of the acetyltrideca- 
peptide amide. 

t On the assumption that Asp, Thr, Ala and Leu are not 
integral constituents of pure «-MSH. 


T, | @-MSH T, Lys 


Fig. 1. Products of tryptic hydrolysis of a-MSH (0-2% 
soln.; enzyme-substrate ratio, 1:100, by wt.; pH 8-5; 
30°). Ionophoresis in pyridine—acetate buffer, pH 6-5 
(pyridine-acetic acid-water; 10:0-4:90, by vol.); 
35-40 v/em.; 90 min. (see Table 2). «-MSH and Lys 
are shown as ‘markers’. 


Table 2. Amino acid composition of peptide fragments produced by tryptic digestion 
of «-melanocyte-stimulating hormone (Fig. 1) 


Try, Tyr and His were identified in unhydrolysed peptides as described in Block, Durrum & Zweig (1955). 


Peptide Try 
7 - + + 
T, + - - 


Tyr His 


Amino acid composition* 


Arg, Glu, His, Met, Phe, Ser, Tyr 
Gly, Lys, Pro, Val, Try 


* Identified by chromatography of acid hydrolysates in butanol-acetic acid—water (4:1:5, by vol.). 
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C,, an acidic peptide derivative which did not 
react with ninhydrin, gave equivalent amounts of 
serine and tyrosine after hydrolysis with acid; 
tyrosine was shown to be the C-terminal amino acid 
by reaction with carboxypeptidase. The residual 
N-substituted serine was not revealed when a chro- 
matogram of the enzymic digest was developed with 
ninhydrin, but was located by means of the ¢ert.- 
butyl hypochlorite reagent (Schwartz & Pallansch, 
1958), and was found to give serine after hydro- 
lysis with acid. In this way C, was shown to be an 
N-acyl derivative of Ser.Tyr, which clearly 
occupied the N-terminal position in «-MSH. 

Peptide C,, an intermediate product, gave a 
mixture of peptides C, and C, by further hydrolysis 
with chymotrypsin. C, was degraded into its con- 
stituent amino acids, arginine and tryptophan, by 
carboxypeptidase and was obviously the dipeptide 
Arg.Try. C, and C,, like «-MSH itself, were not 
susceptible to hydrolysis by carboxypeptidase; the 
fact that they were also unusually basic (to judge 
from their mobilities during ionophoresis at pH 6-5; 
ef. Fig. 2), suggested that the CO,H group of the 
C-terminal residue in both peptides was not free, 
and that they were derived from the C-terminal 
sequence in a-MSH. Glycine and serine were 
shown to be N-terminal in peptides C; and C, 
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respectively (C,, differs from Cy, only in that it 
contains methionine sulphoxide, MetSO; cf. Harris 
& Roos, 1959a, b), and the C-terminal sequence in 
C, was shown to be His. Phe by means of carboxy. 
peptidase. 

Elucidation of sequence. From the results sum. 
marized in Tables 2 and 3 a partial structure for 
a-MSH could be deduced as shown in Table 4. In 
this way the proposed tridecapeptide structure was 
confirmed and all that remained was to determine 
the sequences of the amino acids in positions 4, § 
and 11-13 in the molecule. 


Cy C3 Cs 


Fig. 2. Products of chymotryptic hydrolysis of «-MSH 
(0-2% soln.; enzyme-substrate ratio, 1:100, by wt.; 
pH 8-5; 30°). Ionophoresis in pyridine—acetate buffer, 
pH 6-5 (pyridine-acetic acid—water; 10:0-4:90, by vol.); 
35-40 v/cm.; 60 min.: A, 30 min.; B, 16 hr. (see Table 3). 
Lys is shown as marker in A. 


Table 3. Amino acid composition and partial structure of peptide fragments produced by 
chymotryptic digestion of «-melanocyte-stimulating hormone (Fig. 2) 


Try, Tyr and His were identified in unhydrolysed peptides according to Block et al, (1955). 


Peptide 

—e N-terminal* 
R,yt Try Tyr His residue 
0-11 - + ° 
0-12 = Ser 
0-28 - Ser 
0-10 = 
0-34 ° . ° . 
0-08 ; ; ; Gly 


Amino acid composition and 
partial structure 

N-R.Ser.Tyr 
Ser (Glu, MetSO). His. Phe 
Ser (Glu, Met). His. Phe 
(Arg, Gly, Lys, Pro, Try, Val) 
(Arg, Try) 
Gly . (Lys, Pro, Val) 


C-terminalt 
residue 
Tyr 
Phe (His) 
Phe (His) 


Arg, Try 


* Identified as the phenylthiohydantoin. 
+ Amino acids released by carboxypeptidase. 
{ 2, in butanol-acetic acid—water (4:1:5, by vol.). 


Table 4. 


Peptides obtained by tryptic and chymotryptic digestion of «-melanocyte-stimulating hormone: 


a partial structure of the peptide hormone 


Peptide 
R- Ser. Tyr* 


Deduced partial structure 


Ser.(Glu, Met) . His* . Phe* 


R-Ser.Tyr.(Glu, His, Met, 


R- Ser. Tyr.Ser.(Met, Glu) 
1 243 
G 


Ser, Phe). Arg ' 
Arg.Try (Gly, Lys, Pro, Val) 
Try (Gly, Lys, Pro, Val) 

Arg* . Try* i 
Gly .(Lys, Pro, Val) 


.His. Phe. Arg.Try.Gly.(Lys, Pro, Val) 


6 748494 10 
| | | 
c Tr ¢ 


* Amino acids released by carboxypeptidase. Arrows indicate bonds hydrolysed by trypsin (T) and chymotrypsin (C). 


R represents unidentified N-acyl group. 
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Stepwise degradation by the phenyl isothiocyanate 
method. In order to determine the complete 
structure of «-MSH, peptides C, and C, were sub- 
mitted to stepwise analysis from the amino end as 
described previously (Harris & Roos, 1959a). The 
phenylthiocarbamyl derivative of C, (approx. 
1 umole) was dissolved in 2 ml. of 3N-HCl at room 
temperature. A volume (0-2 ml.) of this solution 
was immediately diluted to 2 ml. with 3N-HCl and 
its absorption spectrum between 240 and 280 mu 
was read at 30 min. intervals. When the extinction 
coefficient of the solution at 265 my attained a 
maximum value (after 3 hr.) the acid solution was 
extracted with portions (5 ml.) of ethyl acetate; 
the ethyl acetate extract gave an absorption 
spectrum typical of a phenylthiohydantoin (maxi- 
mum at 268mp, ratio 260 mp/268 mp, 0:8), 
corresponding to a total yield of 0-85 umole of the 
phenylthiohydantoin derivative of the N-terminal 
residue of C,, which was identified as that of serine 
by chromatography in heptane—pyridine (Sjéquist. 
1953). In all, peptide C, was submitted to three 
consecutive cycles of the degradation procedure, 
which resulted in the successive release of the 
phenylthiohydantoin derivatives of serine, methio- 
nine and glutamic acid. The structure of C, was 
thus established to be Ser. Met.Glu. His. Phe. 

When the phenyl isothiocyanate reaction was 
applied to C;, the phenylthiocarbamyl derivative 
of the peptide was found to be extracted into 
benzene from alkaline (pH 9-0) solution, an obser- 
vation which again suggested that the terminal 
carboxyl group was not free. 

Partial acid hydrolysis. Peptides C, and C, 
(0-5-1-0 umole) were each dissolved in 0-5 ml. of 
12N-HCl and incubated at 37° for 3 days. The 
hydrolysate of C; was submitted to ionophoresis on 
paper at pH 6-5 and 35v/cm. for 90 min., and the 
distribution of ninhydrin-reacting components is 
shown in Fig. 3. The amino acid composition of each 
component is given in Table 5. C,, gave a strong 
glycine spot, together with weaker spots of proline 
and valine, when its acid hydrolysate was chro- 
matographed in butanol—acetic acid—water (4:1:5, 
by vol.), and we suspected that it was probably a 
mixture of glycine and the diketopiperazine of 
Pro. Val (Consden, Gordon, Martin & Synge, 1947). 
This appeared to be confirmed when the section of 
the ionogram designated C;,, (Fig. 3), and which did 
not give a colour with ninhydrin, was found to give 
mainly proline and valine after elution and hydro- 
lysis with acid. 

C;,, although less basic than C, (to judge from its 
electrophoretic mobility at pH 6-5), was neverthe- 
less found to have the same amino acid composition, 
which suggested that it was the free tetrapeptide 
derived from C, by the unmasking of the CO,H 
group of its C-terminal residue. A sample of C,; was 
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accordingly assayed for amide ammonia by means 
of the Conway microdiffusion method. In this way 
the acid hydrolysate of the peptide (an amount 
equivalent to 8-0 ug. of «-amino N) was found to 
contain 2-9 ug. of ammonia N, as measured by the 
photometric-ninhydrin method, and since one of 
the constituent amino acids, proline, does not con- 
tribute significantly to the total absorption at 
570 mp, this value for ammonia N is consistent 
with the presence of one amide group/mole of 
tetrapeptide. Clearly C, is Gly.Lys.Pro.Val.NH, 


Gly Lys 


bi dat 
‘LID MT 
Cs ab edef gs 


Fig. 3. Products of partial acid hydrolysis of peptide C, 
(Fig. 2; 12N-HCl; 37°; 4 days). Ionophoresis in pyridine- 
acetate buffer, pH 6-5 (pyridine-acetic acid—water; 
10:0-4:90, by vol.); 35-40v/cm.; 90 min.; (see Table 5). 
Gly and Lys are shown as ‘markers’. 





Table 5. Amino acid composition of products of 
partial acid hydrolysis of peptide C, (Fig. 3) 


Band Amino acid composition* 
C,a (Pro, Val) 
(Gly) (Pro, Val) 
(Gly, Lys, Pro, Val) 
(Gly, Lys, Pro) 
(Lys, Pro) 
(Gly, Lys) 
(Lys) 
Structure: Gly. Lys. Pro. Val. NH, 


* Hydrolysate contains 1 mole of amide NH,/mole of C,. 





Glu Gly His 

a b cC, de r g 
Fig. 4. Products of partial acid hydrolysis of peptide C, 
(Fig. 2; 12N-HCl; 37°; 4 days). Tonophoresis in pyridine— 
acetate buffer, pH 6-5 (pyridine-acetic acid—water; 


10:0:4:90, by vol.); 35-40v/cem.; 2 hr. (see Table 6). 
Glu, Gly and His are shown as ‘markers’. 


+ 


Table 6. Amino acid composition of products of 
partial hydrolysis of peptide C, (Fig. 4) 
Band Amino acid composition 

C,a (Glu) 
“b (Met, Glu) 
c (Ser, Met, Glu) 
d (Glu, His) 
e (Ser) (Met) (Phe) 
f (His, Phe) 
g (His) 
Structure: Ser. Met. Glu. His. Phe 
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(Table 5) and forms the C-terminal] sequence in 
a-MSH. 

When the partial acid hydrolysate of peptide C, 
was submitted to ionophoresis at pH 6-5 and 
35v/cm. for 90 min. it was resolved into the com- 
ponents illustrated in Fig. 4. The amino acid 
composition of each component is given in Table 6 
and the results provided independent confirmation 
for the sequence Ser. Met.Glu. His. Phe, which had 
been derived for this peptide from the results of 
stepwise analysis. 

Identification of the N-terminal residue in «- 
melanocyte-stimulating hormone. For the identifica- 
tion of the acyl substituent on the «-amino group of 
the N-terminal serine residue in «-MSH we were 
restricted to qualitative paper-chromatographic 
studies on fragment C, (acylseryltyrosine, approx. 
500 yg. of N) derived from 2-6 mg. of «-MSH. When 
C, was caused to react with carboxypeptidase, 
tyrosine was the only product of reaction to be 
revealed by ninhydrin; the N-substituted serine 
moiety could, however, be revealed after chlorin- 
ation (Rydon & Smith, 1952; Schwartz & Pallansch, 
1958), and it was provisionally identified as N- 
acetylserine (Harris, 1958) by comparing its R, 
with that of a synthetic sample of N-acetyl-pL- 
serine, in butanol—acetic acid—water (4:1:5, by 
vol.; R, 0-54), phenol—cresol (1:1, w/w)—borate 
buffer, pH 9-3 (R, 0-64), and in tert.-amyl alcohol— 
phthalate buffer, pH 6-0 (R, 0-50). 

Additional confirmatory evidence for the pre- 
sence of N-acetylserine was obtained by submitting 
the N-acyldipeptide to hydrazinolysis according to 
the procedure of Niu & Fraenkel-Conrat (1955). 
When the hydrazinolysate was chromatographed in 
pyridine—aniline—water (9:1:4, by vol.) both acetyl 
hydrazide (R, 0-7) and serine hydrazide (R, 0-52) 
were identified; in collidine—water (10:2, v/v) the 
corresponding R, values were 0-35 and 0-1 re- 
spectively. In both solvent systems samples of syn- 
thetic acetyl hydrazide and serine hydrazide were 
chromatographed as controls (cf. Narita, 1958). 

The complete structure of «-MSH is thus estab- 
lished as shown in Fig. 5. 
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DISCUSSION 


«a-Melanocyte-stimulating hormone has been shown 
to be an N-acetyltridecapeptide amide, with 
an amino acid sequence identical to that of the 
N-terminal tridecapeptide portion of cortico. 
trophin. The structure of the hormone, deduced 
from the amino acid sequences of the peptide 
fragments derived from it by digestion with 
trypsin and chymotrypsin, confirms the amino acid 
composition which was deduced for the hormone 
from the results of amino acid analysis (Table 1), 
The additional amino acids, aspartic acid, threo- 
nine, alanine, cystine and leucine, which also 
occurred in relatively small amounts in the hor. 
mone preparation available to us, were present, as 
we had suspected, in related peptide impurities 
which could not be separated from «-MSH under 
the conditions used for its isolation. It may be 
recalled that these amino acids were originally 
believed to be integral constituents of «-MSH; in 
order to accommodate them it was necessary to 
assume that the hormone was a polypeptide con- 
taining at least 37 amino acid residues (Lee & 
Lerner, 1956), and this example emphasizes the 
dangers of taking the results of amino acid ana- 
lyses at their face value, even when the substance 
under investigation appears to satisfy the many 
criteria of purity which were described for «-MSH 
by Lee & Lerner (1956). Thus when investigating 
biologically active polypeptides of relatively low 
molecular weight, such as corticotrophin and 
the melanocyte-stimulating hormones, which are 
usually available only in small quantities, more 
information is likely to be gained by investigating 
the number and composition of peptide fragments 
produced by selective enzymic hydrolysis than by 
attempting to establish purity by a variety of 
physical and biological criteria which frequently 
lead to equivocal and misleading conclusions. A 
knowledge of the chemical structure of a bio- 
logically active substance greatly facilitates its 
eventual isolation in pure form so that meaning- 
ful physicochemical and biological studies can 





<~--- T, 


>T< T, - —»> 
133 4°68 86°93: 8639 20. 11:48. 
CH,.CO—Ser.Tyr.Ser.Met.Glu. His. Phe. Arg. Try. Gly. Lys. Pro. Val—NH, 
A 
i 
+———C, ——>0<---¢,---—=- -C,-»>C< — —— 6—-—--> 
C<-——— —- ee - 


Fig. 5. Structure of «-MSH. Arrows indicate sites of hydrolysis by trypsin (T) and chymotrypsin (C). 
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then be carried out on a substance of established 
purity. 

a-MSH appears to be the first example of a 
naturally occurring polypeptide [other than cyclic 
polypeptides such as gramicidin-S (Synge, 1945) 
and the tyrocidines (Paladini & Craig, 1954; King 
& Craig, 1956] which does not possess either a free 
N-terminal or C-terminal residue. In so far as it 
contains a C-terminal residue in the amide form, 
a-MSH resembles the posterior pituitary-gland 
hormones, oxytocin (du Vigneaud, Ressler & 
Trippett, 1953) and vasopressin (du Vigneaud, 
Lawler & Popenoe, 1953); more recently Narita 
(1958) has isolated an N-acetylseryl peptide from 
tobacco mosaic virus protein which in all prob- 
ability represents the N-terminal peptide of the 
protein. The occurrence of N-acetyl groups in 
polypeptides and proteins emphasizes the need for 
vigilance when investigating the number of poly- 
peptides present in enzymic digests, since N- 
acetylpeptide fragments may not be revealed by 
the methods which are usually employed for their 
detection. It is also becoming increasingly 
apparent that absence of end groups cannot in 
itself be taken as evidence for the existence of 
cyclopeptide chains in protein molecules. 

The hydrolysis of «-MSH by trypsin and chymo- 
trypsin, which resulted in the cleavage of the 
molecule into two and four peptide fragments 
respectively, occurred in accordance with the 
expected specificities of the two enzymes. As in 
p-melanocyte-stimulating hormone (8-MSH), the 
Arg.Try bond was found to be highly susceptible 
to hydrolysis by trypsin; the Lys. Pro bond, on the 
other hand, was not attacked by trypsin, and it 
may be recalled that similar bonds involving the 
imino group of proline residues in corticotrophin 
(e.g. Bell, 1954) were also found to be resistant to 
hydrolysis by the enzyme. Chymotryptic digestion 
of «-MSH resulted in the rapid hydrolysis of the 
Tyr.Ser and Phe. Arg bonds, but, as in B-MSH, the 
Try.Gly bond in the C-terminal peptide fragment 
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was hydrolysed at a much slower rate. It is of 
interest that the corresponding Tyr.Ser bond in 
the N-terminal Ser.Tyr.Ser sequence in cortico- 
trophin is hydrolysed very slowly by chymotrypsin, 
presumably because of its proximity to the free 
a-amino group present in the N-terminal serine 
residue. When this group is blocked by acetyl- 
ation, as in «-MSH, the neighbouring Tyr.Ser bond 
becomes highly susceptible to hydrolysis by 
chymotrypsin. 


Structural and activity relationships between «- and 
B-melanocyte-stimulating hormones and cortico- 
trophin 
It has already been shown (Harris & Roos, 1956, 

1959a, b; Geschwind et al. 1956, 1957a) that B- 
MSH contains a sequence of seven amino acids in 
common with corticotrophin, and that this 
common structure is in all probability responsible 
for the intrinsic melanocyte-stimulating activity 
of corticotrophin. The present work reveals an 
even closer structural relationship between «-MSH 
and corticotrophin. 

The amino acid sequences of the two melano- 
cyte-stimulating hormones together with the 
related N-terminal sequence in corticotrophin are 
shown in Fig. 6. The heptapeptide Met.Glu. His. 
Phe. Arg.Try.Gly is common to all three mole- 
cules and, but for the transposition of lysine and 
serine residues between positions 6 and 14 in 
B-MSH, the common sequence would extend to 
11 amino acids. All three molecules possess 
melanocyte-stimulating activity but whereas the 
activities of «- and B-MSH are of the same order of 
magnitude («-MSH appears to be about twice as 
active as B-MSH when assayed by the in vitro 
method of Shizume, Lerner & Fitzpatrick, 1954; 
A. B. Lerner, personal communication), cortico- 
trophin is found to be only 0-5-1% as active as 
B-MSH when the two substances are assayed under 
comparable conditions (Dixon, 1956; Geschwind 
et al. 1957a). 









Corticotrophin 


a-MSH (pig) 


£-MSH (pig) 


1 2 + £ & 2 7 8 8 
H —|Ser. Tyr. Ser. Met.Glu. His. Phe.Arg.Try.Gly. Ly 


10 
H— ae: Glu. Giy. te. Tyr. ae Mat. Gla. His. Phe. Arg. Try.Gly. 


Fig. 6. Amino acid sequences of «- and B-MSH, compared with the related N-terminal portion of corticotrophin. 


14 39 
.| Gly .----Phe—OH 






10 ll 12 13 


CH, -CO— Ser. Tr. Ser. Met. Gin. His. Phe. te: Try. Gly. Lys. Pro. Val.|—NH, 













16 17 
.|Pro. Lys. in —OH 


11 12 13 
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Shepherd et al. (1956) have reported that the 
smallest active degradation product which they 
were able to isolate from corticotrophin (the N- 
terminal fragment, containing 24 amino acid 
residues) retained the same ratio of melanocyte- 
stimulating to adrenocorticotrophic activity as the 
undegraded hormone (39 amino acid residues), and 
this observation gave a strong indication that the 
structure responsible for melanocyte-stimulating 
activity was associated with that part of the 
molecule which was also essential for adrenocortico- 
trophic activity. It has now emerged that the 
specific sequence of amino acids required to pro- 
duce a highly active melanocyte-stimulating sub- 
stance is to be found within the N-terminal tri- 
decapeptide fragment of corticotrophin. 

A comparison of the structures of «- and f- 
MSH suggests that the N-terminal, Asp.Glu.Gly. 
Pro, and C-terminal, Pro.Lys.Asp, sequences in 
B-MSH are not specifically essential for its activity, 
since they can be replaced by acetylserine and 
valine amide respectively in «a-MSH; and in a 
similar manner it could be argued that acetylserine 
and valine amide do not specifically form part of 
the structure essential for activity in «-MSH. In 
this connexion it is perhaps significant that the 
only difference in structure between B-MSH iso- 
lated from pig and ox pituitary glands (i.e. the 
replacement of Glu by Ser in position 2, Fig. 6; 
Geschwind, Li & Barnafi, 19576), occurs outside 
the structure common to both «a- and £-MSH. 
When «-MSH is obtained from other species 
it will be interesting to see to what extent 
variations in structure are compatible with bio- 
logical activity. 

All the available evidence points to the con- 
clusion that the structure which is specifically 
essential for melanocyte-stimulating activity is to 
be found within the Tyr.Lys.Met.Glu.His. Phe. 
Arg.Try.Gly.Ser.Pro sequence (positions 5-15) 
in B-MSH, and the Tyr.Ser.Met.Glu.His. Phe. 
Arg.Try.Gly.Lys.Pro sequence (positions 2-12) 
in «-MSH and corticotrophin. Furthermore, the 
fact that the lysine and serine residues (positions 6 
and 14 in B-MSH, positions 3 and 11 in «-MSH) 
can be interchanged suggests that some variations 
are possible, even within these two undecapeptide 
structures. 

It is recognized that other conditions, such as the 
distribution of charged groups and the overall 
length and configuration of the peptide chain, may 
have to be satisfied before highly active structures 
can be produced, but these additional requirements 
would appear to be of a less specific nature. Any 
final conclusions must await the synthesis of active 
polypeptides modelled on the above undecapeptide 
structures, and in this connexion a synthetic 
octapeptide Ser.Met.(Glu.NH,).His.Phe.Arg. 
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Try.Gly has recently been shown to possess a small 
but nevertheless significant melanocyte-stimulating 
activity (Hofmann, Thompson & Schwartz, 1957) 
when assayed by the in vitro method of Shizume 
et al. (1954). 

The other outstanding question concerns the 
melanocyte-stimulating activity of corticotrophin, 
Despite the fact that it contains the entire trideca- 
peptide sequence of «-MSH, its observed activity 
is from 100 to 200 times less than that of the two 
melanocyte-stimulating hormones. A _ possible 
explanation is that although corticotrophin is 
potentially a highly active melanocyte-stimulating 
hormone, the additional structural features which 
are essential for its adrenocorticotrophic properties 
may at the same time inhibit, or mask, its potential 
melanocyte-stimulating properties. The length of 
the peptide chain does not appear to be of major 
importance since active corticotrophin molecules 
containing from between 39 and 24 amino acids 
appear to possess the same low melanocyte- 
stimulating activities (Shepherd et al. 1956). The 
most obvious difference between corticotrophin 
and «-MSH is that the N-terminal serine residue in 
the latter occurs as its N-acetyl derivative. Can it 
be that a free CH,*(OH)*CH*(NH,)-structure, 
which has been shown to be essential for adreno- 
corticotrophic activity (Dixon, 1956), is also an 
inhibitor of melanocyte-stimulating activity, and 
does this explain why the «-MSH molecule is sub- 
stituted in this position? 

At present, although there are no clear-cut 
answers to these questions, there is some experi- 
mental evidence to support this view. For example, 
when the N-terminal serine residue in cortico- 
trophin is oxidized with periodate, loss of adreno- 
corticotrophic activity is accompanied by a 
significant increase in the melanocyte-stimulating 
activity of the periodate-modified corticotrophin 
(Dixon, 1956; H. B. F. Dixon & A. B. Lerner, 
unpublished results). Similarly, Shepherd et al. 
(1956) have shown that when corticotrophin is 
subjected to mild alkaline hydrolysis (0-1N- 
sodium hydroxide; 100°; 15 min.), which results, 
specifically, in the cleavage of peptide bonds in the 
N-terminal Ser.Tyr.Ser segment of the molecule, 
loss of adrenocorticotrophic activity is again 
accompanied by a significant increase in melano- 
cyte-stimulating activity. Although a conclusive 
evaluation of these results must wait the isolation 
and characterization of the periodate- and alkali- 
degradation products of corticotrophin, it seems 
to be established that corticotrophin can be 
changed into a predominantly melanocyte- 


stimulating hormone and that the N-terminal 
serine residue plays an important role in deter- 
mining which of its two biological properties shall 
predominate. 
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SUMMARY 


1. The «-melanocyte-stimulating hormone from 
pig pituitary glands has been shown to be an N- 
acetyltridecapeptide amide of the following struc- 
ture: 

CH,*CO-Ser. Tyr. Ser. Met.Glu. His. Phe. 
a: Se ee a ee 
Arg.Try.Gly.Lys. Pro. Val-NH, 


s 8 t0 12 3 ks 


2. The amino acid sequence in «-melanocyte- 
stimulating hormone is shown to be identical with 
that of the N-terminal tridecapeptide sequence in 
corticotrophin. The significance of this structural 
similarity is discussed in terms of the biological 
properties of the two hormones. 


Iwish to thank Dr A. B. Lerner, Department of Medicine, 
Yale University School of Medicine, for his generous co- 
operation in supplying the sample of «-melanocyte- 
stimulating hormone and for participating in some of the 
experimental work which is described in this paper. 
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Ketosis in the Rat on a Fat Diet 


By P. A. MAYES 
Division of Biochemistry, Department of Physiology, Royal Veterinary College, London, N.W. 1 


(Received 6 August 1958) 


The rat develops ketosis when fed exclusively on 
fat, but after several days the ketonuria returns to 
normal levels (Wigglesworth, 1924). As there is a 
renal threshold for ketone bodies (Engfeldt, 1920; 
Shipley & Long, 1938), and in view of the criticism 
by Mirsky & Broh-Kahn (1937) of the use of keto- 
nuria as a quantitative estimate of ketosis, it was of 
interest to know whether the ketonaemia also 


returns to normal under the above dietary regime. 
Further information was sought about the factors 
which control ketogenesis by making a more 
detailed study of this tendency of ketosis to become 
reduced, 

In preliminary experiments (Mayes, 1953) a 
reduction of the ketonaemia produced in rats by the 
feeding of fat ad libitum occurred when the calorific 
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intake was high. A fluctuating fat consumption 
was not conducive to a reduction in ketosis. In the 
present work, therefore, constant amounts of fat 
were fed daily. Estimates of the liver fat, liver 
glycogen, abdominal depot fat and urinary nitro- 
gen, as well as determinations of ketone bodies in 
blood and urine, were obtained at regular intervals. 
The results show that in the female rat it is possible 
for the ketonaemia produced by a fat diet to return 
to a normal level, provided that the total daily 
calorific requirement is satisfied by exogenous fat. 
A non-glycogenolytic factor (or factors), which 
operates in calorie deficiency, is believed to promote 
ketosis. 


EXPERIMENTAL 


Animals. Owing to the seasonal variation of ketosis in 
the rat (Cori & Cori, 1927; Burn & Ling, 1928) the experi- 
ments described were carried out within 3 months (mid- 
May to mid-August). Virgin female albino rats (Medical 
Research Council strain) maintained on M.R.C. stock diet 
41B, and weighing 192-218 g., were fasted for 24 hr. to 
reduce the liver glycogen to minimal amounts, and were 
then fed with 2, 4, 5 or 6g. of butter fat/day. For con- 
venience, these feeding amounts will be referred to as diets 
2, 4, 5 and 6 respectively. Each diet was fed for 2, 4 and 
6 days, making 12 treatments in all, apart from normal and 
24 hr.-fasted control groups. Generally, three animals 
underwent each treatment. Experiments were abandoned 
whenever the rats failed to eat voluntarily their prescribed 
quantity of fat. The total nitrogen excretion, ketonuria and 
ketonaemia of animals fed with the diets for 6 days were 
estimated daily. The last was determined from 0-1 ml. of 
blood taken from the tail. Free access to water was allowed 
in all experiments. 

At the termination of all treatments the rats were killed 
by cervical fracture, and approx. 1 g. of the distal portion 
of the left lateral lobe of the liver was excised rapidly for 
the determination of glycogen. After drying to constant 
weight at 104°, the remainder of the liver was ground and 
used for the determination of total fat. The results have 
been calculated in terms of the whole liver, assuming 
uniformity of distribution of glycogen and fat. As an 
approximate index of body fat, the dry weight of the 
combined depots of the abdominal cavity was used. These 
depots referred to here as ‘abdominal fat’ include the 
genital, perirenal, mesenteric and omental depots de- 
scribed by Reed, Yamaguchi, Anderson & Mendel (1930). 

The fat diet consisted of twice-filtered butter fat to which 
3% of salt mixture (Hubbell, Mendel & Wakeman, 1937) 
had been added. 

Analytical methods. The determination of acetone plus 
acetoacetic acid and of 8-hydroxybutyric acid has been 
described previously (Mayes & Robson, 1957). The term 
‘total ketone bodies’ is used to denote the sum of these 
determinations. All results are expressed as acetone 
equivalents. Liver glycogen was estimated by the method 
of Good, Kramer & Somogyi (1933), the glucose formed on 
hydrolysis of the glycogen being determined by the iodo- 
metric procedure of Somogyi (1945) and the results are 
expressed as glucose equivalents. Total urinary nitrogen was 
determined by macro-Kjeldahl procedure. The fat content 
of the liver was assayed by extraction of the dried ground 
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tissue with diethyl ether in a Soxhlet apparatus for 
16-18 hr. 

The statistical tests of significance referred to involve 
applications of the analysis of variance (Quenouille, 1950), 


RESULTS 


Course of ketosis in rats fed on fat 


The ketonaemia established during an initial fast 
for 24 hr. continued to rise when butter fat was 
fed (Fig. 1). From the third day of feeding it 
remained raised and relatively constant in rats 
consuming diets 2, 4 or 5, but, in striking contrast, 
that of rats on diet 6 fell after the first day of 
feeding, reaching a minimal value on the fifth day. 
At this time, although the mean level was still 
slightly elevated, the ketonaemia of some indi- 
viduals was within the normal range. No statistical 
difference could be detected between the keto- 
naemia of rats on diets 2, 4 or 5 (P>0-2), but the 
difference between these combined groups and the 
rats consuming diet 6 was highly significant after 
the second day of feeding (P 0-001—0-01 or < 0-001). 
A rise occurred in all groups during the sixth day of 
feeding. Combined results showed this rise to be 
significant (P 0-01—0-05). 

The ketonuria elicited by the various diets 
paralleled approximately the ketonaemia, since it 
returned to very low levels only in those rats fed on 
diet 6. Initially the ketonaemia reached an average 
of 20-25 mg. of total ketone bodies/100 ml. before 
ketonuria was detected (> 1-0 mg./24 hr.), although 
individual values varied between 6 and 33 mg./ 
100 ml. Fig. 1 demonstrates that a rise or fall of 
ketonuria frequently did not parallel a rise or fall in 
ketonaemia. 

The molar proportion of B-hydroxybutyric acid 
to acetone plus acetoacetic acid was invariably 
higher in urine than in the corresponding sample of 
blood. In addition, the ratio in blood changed from 
approximately 2: 1 after starvation for 24hr., to 3:1 
or 4: l after the rats had been several days in ketosis. 


Body weight and total urinary nitrogen 


The fall in weight that occurred during the course 
of feeding the diets reflected the quantity of fat 
eaten per day (Fig. 1). The daily weight loss of rats 
receiving diet 6 averaged only 1 g. during feeding. 
Within this group, the fall in weight was least when 
the ketonaemia had returned to within the normal 
range and in these animals loss of body protein, as 
calculated from the total urinary nitrogen, 
accounted for much of this fall. The excretion of 
total nitrogen decreased during the course of all 
experiments and remained at a constant and de- 
pressed level after the second day of feeding. 
Although the output of total nitrogen of the various 
groups of rats was very similar, the mean rates of 








i? eeaanmaannia 


ee ee 








1959 


atus for 


involve 
e, 1950), 


ial fast 
at was 
ding it 
in rats 
ntrast, 
day of 
th day, 
as still 
© indi- 
tistical 
» keto- 
nut the 
nd the 
t after 
0-001). 
day of 
> to be 


| diets 
ince it 
fed on 
verage 
before 
‘hough 
3 mg./ 
fall of 
- fall in 


ic acid 
wiably 
aple of 
d from 
to 3:1 
etosis. 


course 
of fat 
of rats 
eding. 
, when 
jormal 
pin, as 
rogen, 
ion of 
of all 
id de- 
eding. 
arious 
‘tes of 








Vol. 71 


excretion of the last 4 days of feeding (when 
excretion of nitrogen had become stabilized) 
revealed a small but significant sparing effect of 
the diets of greatest calorific value on endogenous 
protein catabolism (P 0-001-0-01). During this 
period, mean excretion rates of 65-7, 63-1, 56-1 and 
49-0 mg. of nitrogen/24 hr. were obtained for rats 
on diets 2, 4, 5 and 6 respectively. 


KETOSIS IN THE RAT 


Liwer weight and concentrations of 
liver fat and glycogen 


The total liver weight (wet or dry) fluctuated 
during the experiments, principally owing to 
variations in the fat and glycogen content. There- 
fore the concentrations of these substances in the 
liver are not expressed as a percentage of the wet 
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in urine; —, B-hydroxybutyric acid in urine; x, body weight;...., total nitrogen in urine. All values are the means 


from three animals, except in (d), which is the mean from five. 








462 


weight but of the fat- and glycogen-free dry weight, 
and also of the initial body weight (Tables 1 and 2). 
The former was used in calculating the tests of 
significance. A sharp drop in the fat- and glycogen- 
free liver dry weight occurred on fasting (P< 0-001; 
Fig. 2); during the period of feeding there was no 
further significant change in this weight (P 0-10), 
although there was a tendency for it to be conserved 
in those animals fed with the greater quantities of 
fat (P 0-01-0-05). 

The liver fat increased during the course of 
starvation for 24 hr. Thereafter there was a general 
increase relative both to the rate (P<0-001) and 
the duration (P 0-05) of feeding with fat. However, 
whereas the rate effect was apparent in rats fed on 
diets 2, 4 and 5, this upward trend did not continue 
on diet 6, there being no detectable difference 
between corresponding levels of liver fat on diets 5 
and 6. 

On fasting for 24 hr., the glycogen content of the 
liver dropped to a very low level but rose again 
during feeding, reaching as much as 75% of the 
amount found in the normal animal. An overall 
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analysis of the results shows that an increase both 
in the rate and in the duration of feeding with fat 
were significant factors in increasing liver glycogen 
(P <0-001). In some of the rats on diet 2 no rise 
above the level reached after starvation for 24 hr, 
was found. 
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Fig. 2. Variation in the fat- and glycogen-free liver dry 
weight in rats starved for 24 hr., then fed with 2 g. (A), 
4g. (M), 5g. (x) or 6g. (O) of butter fat/day. @, 
Normal and 24 hr. fasted controls. All points are the 
means from three animals, except for A, day 4 (mean 
from two) and O, day 6 (mean from four). 


Table 1. Quantity of liver fat after feeding various amounts of butter fat to rats starved for 24 hr. 


Values are the mean results for three rats. The range is shown in parenthesis. 


Conen. (g./100 g. of fat- and 


glycogen-free liver dry wt.) 
— A 


Total (mg./100 g. of initial body wt.) 








9-42 (8-38-10-1) 
29-3 (18-3-42-2) 


Normal fed controls 
24 hr. fasted controls 


Period on 


73-3 (64-5-79-4) 
173 (109-239) 


Butter fat fed (g./day) 





fat diet f 
(days) 2 4 5 
2 24-4 37-1 50-6 
(23-1-25-0) (34-0-41-1) (33-7-61-5) 
4 18-2* 53-3 59-7 
(16-1-20-2) (46-5-57-7) (43-1-79-1) 
6 38-3 37-2 66-1 
(20-2-51-7) (28-6-42:8) (46-2-77-2) 


* Mean, two rats. 


45-7 142 
(42-1-51-6) 
58-4 
(47-2-70-5) 

61-7+ 195 
(57-4658) 


6 2 4 5 
234 310 295 
(209-263) (197-397) (252-348) 
288 358 376 
(271-310) (293-403) (299-437) 


215 393 372+ 
(103-277) (188-254) (297-446) (331-413) 


+ Mean, four rats. 


(131-150) 
103* 
(95-1-111) 





Table 2. Quantity of liver glycogen after feeding various amounts of butter fat to rats starved for 24 hr. 


Values are the mean results for three rats. The range is shown in parenthesis. 


Conen. (g./100 g. of fat- and 
glycogen-free liver dry wt.) 
21-4 (20-1-22 


a 
Normal fed controls 2-7) 
0-14 (0-04-0-25) 


24 hr. fasted controls 
Period on 


Total (mg./100 g. of initial body wt.) 
ss A 


c Y 





Butter fat fed (g./day) 





fat diet c 

(days) 2 4 5 

2 1-08 1-46 3-07 
(0-02-1-92) (0-63-2-90) (1-81-4-99) 

A 0-56* 4-21 5-95 
(0-05-1-08) (2-22-7-97) (2-96-9-71) 

0-76 4-21 8-61 
(0-07-2-07) (2-26-7-46) (7-68-9-56) 


* Mean, two rats. 


2-41 6-3 9-1 
(2+12-2-58) 
8-39 
(7-16-9-18) 

12-2f 3-9 


(9°87-15-2) 


i 
2 6 
18-5 
(10-7-29-1) 
34-7 
(20-1-49-6) 
51-0 
(48-5-55-2) 


15-5 
(13-9-17°4) 
54-2 
(44-3-60-2) 

72-6t 
(60-0-87-7) 


(4:1-18-5) 
21-9 
(11-9-38-9) 
23-4 
(0-4-10-5)  (13-4-37-6) 


+ Mean, four rats. 
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Table 3. Quantity of abdominal depot fat after feeding various amounts of butter fat to rats starved for 24 hr. 


Values are given as g./100 g. of initial body wt. and are the mean results for three rats. The range is shown in parenthesis. 


Normal fed controls 
24 hr. fasted controls 


Period on fat diet 


2-15 (1-41-2-72) 
2-09 (1-85-2-49) 


Butter fat fed (g./day) 





(days) 2 
2 1-63 
(1-22-2-31) 
4 0-98* 
(0-94-1-01) 
6 1-64 
(1-12-2-19) 


* Mean, two rats. 





Quantity of abdominal depot fat and 
its relation to the liver fat 


As the amount of body fat varies considerably in 
fully grown animals, it is difficult to follow the 
effect of feeding with fat on the quantity of depot 
fat present in the abdominal cavity (Table 3). 
Nevertheless, consideration of all the results from 
the second day of feeding onwards indicates that 
the abdominal fat was greater in those animals 
given the larger amounts of fat (P<0-001). There 
was also an increase relative to the length of time 
on each diet, but only in rats fed on diets 4, 5 and 6 
(P 0-01—0-05). This increase occurred while the 
body as a whole was losing weight. 

There was a significant positive correlation 
between the amount of abdominal depot fat and 
the amount of fat present in the liver (P<0-001). 


DISCUSSION 


Ketonaemia and ketonuria as a measure of ketosis 
and their relation to the renal threshold 


The concentration of ketone bodies in the blood is 
a resultant of their rate of output by the liver, and 
the rate at which they are utilized by the extra- 
hepatic tissues and excreted by the kidneys. 
Barnes, MacKay, Moe & Visscher (1938) and Wick 
& Drury (1941), among others, concluded that the 
most important factor affecting the rate of utiliza- 
tion of ketone bodies is their concentration in the 
blood. Nelson, Grayman & Mirsky (1941), who 
have studied the utilization of B-hydroxybutyrate 
by the nephrectomized rat, showed the rate of 
utilization to be proportional to the ketonaemia up 
to a concentration of 60 mg./100 ml. Application 
of data obtained by these workers to the present 
results show that the excretion of ketone bodies 
was not more than 3% of the total quantity 
utilized. Other work has demonstrated that 
probably not more than 5 % of the total quantity 
of ketone bodies formed by both fasting and fat- 


4 5 6 
1-87 1-81 1-76 
(1-64-2-23) (110-217) = (1-55-2-16) 
2-12 2-46 2-59 
(2:09-2:16)  (1-94-2-97) (2-25-3111) 
2-25 2-35 2-52 
(1:93-2:41)  (1-95-2-97)  (2:24-3-01) 


+ Mean, four rats. 


fed dogs (Crandall, Ivy & Ehni, 1940-41), and no 
more than a few per cent of the total formation in 
fasting man (Gammeltoft, 1949), is excreted in the 
urine. When the ketonuria accounts for such asmall 
fraction of the total production, the ketonaemia 
reflects the resultant of ketogenesis and utilization 
and is also proportional to the rate of ketogenesis. 

Interpretation of ketonuria is severely limited by 
the effects of the renal threshold. The present 
results, which indicate an average threshold level 
of 20-25 mg. of total ketone bodies/100 ml. of 
blood, based on 24hr. samples of urine, agree 
approximately with the level found by Shipley 
& Long (1938). If hourly samples of blood and 
urine had been analysed the absolute threshold 
level would probably have been found to lie 
between 15 and 20 mg./100 ml. (Fig. 1). However, 
in man, threshold effects may be less important 
since the level is only about 6 mg. (as acetone)/ 
100 ml. of blood for acetoacetic acid or B-hydroxy- 
butyric acid (Gammeltoft, 1949). In the rat no 
reliance may be placed on the constancy of the 
threshold since wide variations occur both between 
animals and for any one animal during the course 
of ketosis. The renal threshold for ketone bodies 
can be raised in the rat as a result of adrenalectomy 
(MacKay & Wick, 1939), hypophysectomy (Oastler 
& Anderson, 1939) and during the course of feeding 
with fat (Mayes, 1958). It may be lowered after 
administration of anterior pituitary-gland extracts 
(Gray, 1942). 

In the present work the molar proportion of 8- 
hydroxybutyrate to acetone plus acetoacetate was 
higher in the urine than in the blood. This observa- 
tion has been made frequently in diabetic patients 
(Kennaway, 1918). Stark & Somogyi (1943) have 
shown the ratio to be 5:1 in plasma and 1:1 in the 
corpuscles of humans. Present results show an 
average value of 5:1 for the ratio in urine, which 
might be explained on the grounds that the com- 
position of urine depends more on plasma consti- 
tuents than on those of whole blood. A direct 
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conversion of acetoacetate into B-hydroxybutyrate 
or a preferential utilization of acetoacetate by 
kidney cells may be alternative explanations of this 
observation. 

The ketonuria, which represents but a few per 
cent of the total ketogenesis under many conditions, 
is affected by the variation of the renal threshold 
and does not represent the ratio of B-hydroxybuty- 
rate to acetoacetate in the blood. Ketonaemia, 
being a direct reflexion of ketogenesis, is thus the 
better measure of the degree of ketosis. 


Ketosis on a fat diet 


The great reduction and in some cases abolition 
of ketonaemia in rats fed on diet 6 contrasts with 
the persistence of ketonaemia in rats fed with diets 
of lesser calorific value. The course of the ketonuria 
on diet 6 is comparable with that of rats in the 
experiments of Wigglesworth (1924), although his 
animals did not undergo a preliminary fast. The 
beneficial effect of high fat feeding on diabetic 
patients (Rollo, 1797; Newburgh & Marsh, 1920; 
Petrén, 1924), on dogs made permanently diabetic 
with anterior pituitary-gland extracts (Marks & 
Young, 1939) and on alloxan-diabetic rats (Burn, 
Lewis & Kelsey, 1944) has been described. 
Johnson & Sargent (1958) have reported that 
humans on ketogenic diets develop less ketosis 
when the calorie intake is high. 

Although Raper & Smith (1926-27) indicated 
that ketosis was directly proportional to the fat con- 
tent of the liver, Deuel, Hallman & Murray (1937) 
and MacKay, Carne, Wick & Visscher (1941) con- 
sidered that there was no direct relation between 
the amount of liver fat and ketosis. A large 
amount of fat in the liver does not, of its own, 
cause ketosis, since rats fed on diet 6 show reduc- 
tion of ketonaemia as the amount increases. 

Increase in fat content of the liver may be caused 
partly as a result of feeding with fat and partly by 
mobilization of fat from the depots owing to calorie 
deficiency. Only diet 6 is judged to provide 
adequate calories by Gregg (1931) and rats con- 
suming it lost but little weight. The failure of rats 
on this diet to maintain the progressive increase in 
liver fat in proportion to the quantity of fat fed 
per day, as found in rats on diets 2, 4 and 5, may 
be attributed to the absence in this group of 
mobilization of fat from the depots. This would 
indicate that if fat mobilization is under hormonal 
eontrol, the mechanism is not stimulated in rats 
receiving in their diet sufficient utilizable calories 
as fat. These conclusions are in agreement with the 
views of Levin & Farber (1952), who showed that 
out of many stressful stimuli only those associated 
with a need for extra energy caused fat mobiliza- 
tion to the liver. 

Rats on diets 4 and 5 lose weight, but the 
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abdominal fat depots increase in weight simul. 
taneously. Reed et al. (1930) found that in starva. 
tion the subcutaneous fat depots lose the greatest 
proportion of fat. The rats on diets 4 and 5 suffer 
from alternating periods of fat feeding and starva. 
tion due to deficiency of calories in the diet, 
Possibly they may deposit fat evenly in all the 
depots during periods of alimentation (Reed et al, 
1930) but lose fat preferentially from subcutaneous 
depots during periods of fasting, resulting in an 
increase in abdominal fat but a greater decrease in 
subcutaneous fat, thus accounting for the overall 
loss in weight. 

The correlation observed between the level of fat 
in the liver and the quantity present in the 
abdominal depots during the feeding of butter fat 
is similar to the results of Hodge et al. (1941) for 
fasting mice, and to those of Best & Campbell 
(1938) for fasting animals to which anterior pitui- 
tary-gland extracts had been administered. When- 
ever fat predominates in metabolism, it would 
appear to be distributed proportionally between the 
depots and the liver. 

Previous authors (Gregg, 1931; Young, 1936) 
have held the view that the administration of 
natural fats to fasting normal animals leads to 
little or no increase in liver glycogen. The finding 
therefore of a considerable accumulation of glyco- 
gen is unexpected. Increased gluconeogenesis from 
protein is not responsible for this accumulation, as 
the total urinary nitrogen remains depressed. 

The degree of ketosis is considered by many to be 
inversely proportional to the amount of liver 
glycogen (Raper & Smith, 1926-27; Burn & Ling, 
1928; Somogyi, 1941; Mirsky, 1942; Korenberg, 
1943), but the present results do not show such a 
simple relationship. Glycogen deposition increases 
regularly with the quantity of fat consumed and 
does not reflect the marked difference in keton- 
aemic pattern seen in rats fed on diet 6, compared 
with that seen with diets 2, 4 or 5. For instance, 
on the second day of feeding, when the amounts of 
liver glycogen are uniformly low on either diet 5 or 
6, the ketonaemia of rats on diet 6 has already 
begun to fall. Apparently a critical concentration 
of liver glycogen in itself does not initiate the re- 
duction in ketosis described. However, within each 
diet group there is frequently an inverse relation 
between liver glycogen and ketosis. Insufficiency 
of data on this point precludes more definite con- 
clusions. The present results are in keeping with 
those of workers who have found appreciable 
quantities of liver glycogen during ketosis (Geel- 
muyden, 1920-21; Vallance-Owen, 1952; Petersen 
& Lotspeich, 1955; Naets & Wittek, 1955; Winter- 
nitz & Lattanzi, 1956). 

It is doubtful whether a decrease in the oxalo- 
acetate in the liver is responsible for the ketosis 
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here described, as Tapley & Kalnitsky (1958) have 
reported a normal concentration in rats fasted for 
24hr., when the liver glycogen is known to be at 
minimal levels. The accumulation of glycogen 
during the feeding of fat would probably help to 
maintain the level of oxaloacetate. Weinhouse 
(1952) suggested impaired lipogenesis to be a factor 
in the promotion of ketogenesis in vitro. Lipo- 
genesis is known to be defective in animals on 
diets containing no carbohydrate (Chaikoff, 1953), 
but the abolition of ketosis in rats fed on diet 6 
would indicate that this defect probably does not 
contribute towards ketosis in vivo. 

As the interpretation of the present results in 
terms of current theories about the enzymic forma- 
tion of ketone bodies is not altogether satisfactory, 
attention is turned to the possibility that a non- 
glycogenolytic factor (or factors) is promoting 
ketosis. This may be one or more of the principles 
found in anterior pituitary-gland extracts (Houssay 
1936; Engel, 1955), and thought by Campbell & 
Davidson (1951) to enhance the oxidation of endo- 
genous fatty acids in the liver. 

The amount of liver fat rises and ketogenesis 
occurs during fasting and after administration of 
anterior pituitary-gland extracts (Best & Campbell, 
1938), suggesting that an anterior pituitary-gland 
hormone (or hormones) which influences fat mobil- 
ization and ketogenesis, is secreted during starva- 
tion. Furthermore, substances having one or both 
of these properties have been found in the urine of 
fasting rabbits (Weil & Stetten, 1947) and humans 
(Chalmers, Kekwick, Pawan & Smith, 1958). If 
starvation, or a negative calorie balance in the 
tissues, is the stimulus for the release of such a 
hormone, this may explain why ketosis is per- 
sistent in rats fed on butter-fat diets deficient in 
calories and why ketonaemia is suppressed, and 
fat mobilization apparently halted, in rats on a fat 
diet judged to provide sufficient calories. Assuming 
this ketogenic hormone to be responsible for much 
of the ketogenesis of diabetes mellitus, the bene- 
ficial action of feeding fat to diabetic animals may 
be explained, for the energy derived from oxidation 
of dietary fat may convert a negative calorie 
balance, due to decreased carbohydrate utilization, 
into a positive balance, thereby removing the 
ketogenic stimulus. As ketone bodies are meta- 
bolized rapidly by extrahepatic tissues (Nelson 
etal. 1941), their production by the liver appears to 
be a mechanism which, under conditions of calorie 
deficiency in the tissues, allows some of the energy 
from stored fat to be made rapidly available. The 
mechanism would be of particular use during the 
onset of starvation when carbohydrate metabolism 
is being replaced by fat metabolism and the tissues 
are not fully adapted for direct utilization of fat in 
quantity. 
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To satisfy calorie requirements the tissues of the 
rat must, under present conditions, become 
adapted to utilize an all-fat substrate, apart from 
a small amount of endogenous protein. Recently, 
Kekwick & Pawan (1957) have shown that obese 
humans develop little ketosis and no hypogly- 
caemia on a 1000 keal., 90 % fat diet, whereas non- 
obese subjects when treated similarly show severe 
ketosis and hypoglycaemia. It is possible to 
correlate these findings with present results, for if 
the tissues of the obese are better adapted for the 
utilization of fat compared with the non-obese, 
they would find less difficulty in utilizing fat when 
presented with an exogenous supply. Hence the 
obese would suffer less calorie deficiency in the 
tissues, which possibly explains their low ketosis 
and sparing of blood sugar. The difference in 
behaviour of the concentration of blood glucose 
might indicate that liver glycogen remained higher 
in the obese, thus favouring a lower ketosis. 

No information is available at present to explain 
the increase in ketonaemia which occurs on day 6 
of most experiments. It was not accompanied by 
a sudden change in body weight or concentration 
of liver glycogen or liver fat. As the rise occurs with 
most of the diets, it might indicate a possible con- 
nexion with the development of vitamin or protein 
deficiency. Likewise, it is difficult to interpret in 
the light of present results the persistent keto- 
naemia of rats forced-fed with a diet more than 
adequate in calories (7 g. of butter fat/day; Mayes, 
1958). It is suggested that in this case ketosis may 
be due to the release of a ketogenic factor as a 
result of the stress of forced-feeding or overloading 
the animal with fat. It is also possible that under 
conditions of forced-feeding digestion of fat is im- 
paired, resulting in partial calorie deficiency. 


SUMMARY 


1. The course of ketosis has been investigated in 
rats fasted for 24hr. and fed subsequently on 
various levels of butter fat. Ketonaemia persisted 
under all diets which were deficient in calories but 
was reduced markedly, and was sometimes 
abolished, when the calorie requirement was met 
entirely from exogenous fat. 

2. The amount of liver fat and glycogen in- 
creased in proportion to the quantity of fat fed. 
A correlation existed between the amount of 
liver fat and the quantity of fat present in the 
depots. 

3. Appreciable quantities of liver glycogen were 
found during ketosis. A critical amount of liver 
glycogen is thought not to initiate in itself the 
reduction in ketosis described. 

4. To explain present results it is suggested that 
a non-glycogenolytic, ketogenic, fat-mobilizing 
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hormone (or hormones) is secreted as a response to 
the stimulus of calorie deficiency in the tissues. 

5. The use of ketonuria to estimate the degree of 
ketosis is criticized. 


I wish to thank Professor E. C. Amoroso, F.R.S., for 
reading the manuscript, Dr J. D. Biggers for advice on the 
statistical analysis, and Mrs D. Addelsee for technical 
assistance. 


REFERENCES 


Barnes, R. H., MacKay, E. M., Moe, G. K. & Visscher, 
M. B. (1938). Amer. J. Physiol. 123, 272. 

Best, C. H. & Campbell, J. (1938). J. Physiol. 92, 91. 

Burn, J. H., Lewis, T. H. C. & Kelsey, F. D. (1944). 
Brit. Med. J. 2, 752. 

Burn, J. H. & Ling, H. W. (1928). J. Physiol. 65, 191. 

Campbell, J. & Davidson, I. W. F. (1951). J. biol. Chem. 
189, 35. 

Chaikoff, I. L. (1953). Harvey Lect., ser. 47, 99. 

Chalmers, T. M., Kekwick, A., Pawan, G. L. S. & Smith, I. 
(1958). Lancet, 1, 866. 

Cori, G. T. & Cori, C. F. (1927). 
615. 

Crandall, L. A., Ivy, H. B. & Ehni, G. J. (1940-41). Amer. 
J. Physiol. 131, 10. 

Deuel, H. J., Hallman, L. F. & Murray, S. (1937). J. biol. 
Chem. 119, 257. 

Engel, F. L. (1955). Hypophyseal Growth Hormone, Nature 
and Actions, p. 344. Ed. by Smith, R. W., Gaebler, O. H. 
& Long, C. N. H. New York: McGraw-Hill. 

Engfeldt, N. O. (1920). Beitrdge zur Kenntnis der Biochemie 
der Acetonkérper. Lund. 

Gammeltoft, A. (1949). Acta physiol. scand. 19, 270. 

Geelmuyden, H. C. (1920-21). Acta med. scand. 53, 381. 

Good, C. A., Kramer, H. & Somogyi, M. (1933). J. biol. 
Chem. 100, 485. 

Gray, C. H. (1942). J. Endocrin. 3, 132. 

Gregg, D. E. (1931). J. Nutr. 4, 385. 

Hodge, H. C., MacLachlan, P. L., Bloor, W. R., Stoneburg, 
C. A., Oleson, M. C. & Whitehead, R. (1941). J. biol. 
Chem. 139, 897. 

Houssay, B. A. (1936). New Engl. J. Med. 214, 961. 

Hubbell, R. B., Mendel, L. B. & Wakeman, A. J. (1937). 
J. Nutr. 14, 273. 

Johnson, R. E. & Sargent, F. (1958). J. Physiol. 143, 
16P. 

Kekwick, A. & Pawan, G. L. S. (1957). Metabolism, 6, 
447. 

Kennaway, E. L. (1918). Biochem. J. 12, 120. 


J. biol. Chem. 72, 


1959 


Korenberg, M. (1943). Arch. intern. Med. 72, 746. 

Levin, L. & Farber, R. K. (1952). Recent Progr. Hormone 
Res. 7, 399. 

MacKay, E. M., Carne, H. O., Wick, A. N. & Visscher, 
F. E. (1941). J. biol. Chem. 141, 889. 

MacKay, E. M. & Wick, A. N. (1939). Amer. J. Physiol, 
126, 753. 

Marks, H. P. & Young, F. G. (1939). J. Endocrin. 1, 
470. 

Mayes, P. A. (1953). Ph.D. Thesis: University of London, 

Mayes, P. A. (1958). Nature, Lond., 182, 324. 

Mayes, P. A. & Robson, W. (1957). Biochem. J. 67, 11. 

Mirsky, I. A. (1942). J. Amer. med. Ass. 118, 690. 

Mirsky, I. A. & Broh-Kahn, R. H. (1937). Amer. J. Physiol. 
120, 446. 

Naets, J. P. & Wittek, M. (1955). Acta endocr., Copenhagen, 
19, 349. 

Nelson, N., Grayman, I. & Mirsky, I. A. (1941). J. biol. 
Chem. 140, 361. 

Newburgh, L. H. & Marsh, P. L. (1920). Arch. intern. Med. 
26, 647. 

Oastler, E. G. & Anderson, A. B. (1939). Biochem. J. 38, 
1094. 

Petersen, V. P. & Lotspeich, W. D. (1955). Amer. J. 
Physiol. 182, 273. 

Petrén, K. (1924). J. metab. Res. 5, 7. 

Quenouille, M. H. (1950). Introductory Statistics, pp. 53, 
101. London: Butterworth. 

Raper, H. S. & Smith, E. C. (1926-27). J. Physiol. 62, 
a7. 

Reed, L. L., Yamaguchi, F., Anderson, W. E. & Mendel, 
L. B. (1930). J. biol. Chem. 87, 147. 

Rollo, J. (1797). An Account of Two Cases of the Diabetes 
Mellitus, 1st ed., vol. 2. London: C. Dilly. Cited by 
Marks & Young (1939). 

Shipley, R. A. & Long, C. N. H. (1938). Biochem. J. 32, 
2242. 

Somogyi, M. (1941). J. biol. Chem. 144, 219. 

Somogyi, M. (1945). J. biol. Chem. 160, 61. 

Stark, I. E. & Somogyi, M. (1943). J. biol. Chem. 147, 
319. 

Tapley, D. F. & Kalnitsky, G. (1958). Fed. Proc. 17, 320. 

Vallance-Owen, J. (1952). J. clin. Path. 5, 42. 

Weil, R. & Stetten, D. jun. (1947). J. biol. Chem. 168, 129. 

Weinhouse, S. (1952). Brookhaven Symposia in Biology, 
no. 5, p. 201. Brookhaven. 

Wick, A. N. & Drury, D. R. (1941). J. biol. Chem. 138, 129. 

Wigglesworth, V. B. (1924). Biochem. J. 18, 1203. 

Winternitz, W. W. & Lattanzi, W. E. (1956). Endocrin- 
ology, 58, 232. 

Young, F. G. (1936). J. Physiol. 87, 11P. 





a *4 © @® Fr = DB 


f 
f 
j 
f 
1 
1 
1 
1 
1 











Hormone 
Visscher, 
Physiol. 
erin. 1, 
London, 
7; 21. 

Physiol. 
mhagen, 
J. biol. 
n. Med. 
. J. 38, 


mer. J, 


Ppp. 53, 
iol. 62, 
Mendel, 


Diabetes 
ited by 


J. 32, 


n. 147, 
7, 320. 


8, 129, 
siology, 


8, 129. 


docrin- 





1959 


Vol. 71 





Vitamin A, Aldehyde in the Eggs of the Herring (Clupea harengus L.) 
and other Marine Teleosts 
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In the course of a study of vitamin A in herring, 
vitamin A ester and alcohol and carotenoids were 
estimated by our usual method (Thompson, 
Ganguly & Kon, 1949; Fisher, Kon & Thompson, 
1952) in the ovaries of herring of various ages and 
maturities. This method involves extraction with 
light petroleum in the presence of ethanol, chro- 
matography, saponification and measurement of 
vitamin A by the Carr—Price test. Only small 
amounts of vitamin A were found, of the order of 
0-1 yg./g., together with about 1-0yg./g. of caro- 
tenoids, mostly xanthophylls. Scheunert & Schie- 
blich (1934), using a rat-growth method and the 
eure of xerophthalmia, showed that the gonads of 
female herring contain substantial amounts of 
vitamin A, and Junker (1952-53), with the vaginal- 
smear assay, found 1-llyg. of vitamin A/g. of 
herring ovary, depending on the maturity of the 
fish. The higher concentrations were in herring 
about to spawn or spawning. Junker (1956) has 
also shown that the hard roes of many other fishes 
contain substantial amounts of vitamin A detect- 
able by biological assay. 

We therefore carried out biological and chemical 
assays of the vitamin A activity of further samples 
from ripe and running fish of herring hard roe, 
which consists essentially of unfertilized eggs, and 
found that the biological activity, determined by 
the chick liver-storage method, was some ten times 
that chemically determined. This paper deals with 
the investigation of the discrepancy, which proved 
to be due to the presence in the eggs of vitamin A, 
aldehyde, not estimated in our routine chemical 
method. Two preliminary reports have already 
been published (Fisher, Harrison, Kon, Plack, 
Thompson & Todd, 1956a; Plack, Thompson & 
Kon, 1957). 


EXPERIMENTAL 


Materials 


Herring eggs. Quick-frozen herring were purchased from 
a Reading fishmonger. The fish were caught off East 
Anglia in the autumn fishery and were mostly ripe and 
running. They were thawed by immersing in warm water 


* Grant-aided by the Development Fund. 


and sexed by squeezing the fish and observing whether 
eggs or milt were extruded. The males and immature 
females were discarded and the roe was removed from the 
remaining females through a ventral cut. Care was taken 
to exclude portions of the intestine or other organs. 
Except for batch C, the roes were blended in an Ato-Mix 
blender (Measuring and Scientific Equipment Ltd.) in an 
atmosphere of nitrogen and each batch was thoroughly 
mixed before storage at -— 20° in polythene bottles or bags. 
With batch C, each roe was cut into 16 pieces of about 
equal size and distributed amongst 16 polythene bottles, 
the contents of each being mixed by blending before use. 
The following table shows the dates of purchase of the 
different batches and the year of catch: 


Batch Date of purchase Date of catch 
A 10 Feb. 1956 Oct.—Nov. 1955 
B 15 Jan. 1957 Oct.—Nov. 1956 
Cc 1 Apr. 1957 Oct.—Nov. 1956 
D 17 June 1957 Oct.—Nov. 1956 
E 10 Apr. 1958 Oct.—Nov. 1957 


Batches B-D were therefore essentially the same raw 
material but had slightly different storage conditions. 

Other fish eggs. Dr B. B. Rae (Scottish Home Depart- 
ment, Marine Laboratory, Aberdeen) supplied the other 
fish eggs used in this work. They were stored in deep- 
freeze until used. 

Chemicals. Light petroleum, b.p. 40-60°, n-hexane, 
acetone, CHCl, and diethyl ether (anaesthetic ether) were 
used as supplied by May and Baker Ltd. Aluminium 
oxide, for chromatographic-adsorption analysis (B.D.H. 
Alumina) was obtained from British Drug Houses Ltd., 
activated alumina, type O (P.S. Alumina) from Peter 
Spence and Sons Ltd., Widnes, and crystalline vitamin A, 
alcohol from Roche Products Ltd. Other chemicals were of 
A.R. quality or the purest available commercially. 


Methods 


Preparation of homogenates. Portions of 5 g. of herring 
eggs were homogenized for 2 min. with 7-5 ml. of ice-cold 
0-9% NaCl soln. in a glass Potter-Elvehjem homogenizer 
previously cooled to 0°. For feeding, the supernatant 
liquid and the solid residue were separated by centrifuging 
for 45 min. at 20000g. For chemical work, the homo- 
genate was diluted to 30 ml. with water and the supernatant 
liquid separated by centrifuging at 1400 g. 

Dry-matter content. Samples from each batch of herring 
eggs were dried in stainless-steel dishes in an electric oven 
at 100° to constant weight, and the percentage of dry 
matter was determined. 
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Extraction of eggs. Portions of 60 g. of eggs were blended 
in an Ato-Mix blender with 200 ml. of light petroleum for 
2 min. in a nitrogen atmosphere. Ethanol, 76 ml., was 
then added rapidly and the whole blended for another 
2 min. The mixture separated well into two layers as soon 
as blending ceased, and the top light-petroleum layer was 
decanted directly into a brown 11. conical flask. Two 
further extractions with 200 ml. of light petroleum only 
were carried out and the three extracts combined. The 
combined extracts were allowed to stand for 1 hr. or longer 
for the suspended matter to settle, and the clear super- 
natant liquid was evaporated in a tared flask on a steam- 
bath. The last portions of solvent were removed under 
reduced pressure with little or no heating. After weighing, 
the extracted lipid was dissolved in n-hexane and the total 
volume made to 16 ml./60 g. of eggs. 

Two alternative ways of extracting herring eggs with 
CHCl,—methanol mixtures were tried. (i) In the first, 50 g. 
of eggs was blended with 300ml. of CHCl,—methanol 
(1:1, v/v). The extract was separated by centrifuging, and 
the residue extracted in the same way with three lots of 
200 ml. of the solvent mixture. The combined extracts were 
evaporated under reduced pressure and the residue was 
extracted twice with n-hexane. This solution was evapor- 
ated and the lipids were weighed and made to a known 
volume with n-hexane. (ii) In the second method, freeze- 
dried eggs equivalent to 60 g. wet wt. were refluxed for 
30 min. periods with three 300 ml. portions of CHCl,— 
methanol (2:1, v/v). As before, the extracts were separated 
by centrifuging and the lipids soluble in n-hexane were 
isolated. 

Acetone treatment. Again two methods were used. (i) In 
the first, herring-egg lipid extract (24 ml.) equivalent to 
90 g. of eggs was taken to dryness and the residue dis- 
persed in 20 ml. of acetone at room temperature. The 
acetone-soluble and acetone-insoluble parts were separated 
by centrifuging for 10 min. at 1200g and the latter ex- 
tracted with two further 20 ml. portions of acetone. The 
solvent was removed from the combined acetone extracts 
and the residue made to 24 ml. with light petroleum. The 
acetone-insoluble fraction was similarly made to 24 ml. 
(ii) In the second method, the solvent was removed from a 
suitable volume of herring-egg extract and the residue was 
dispersed in the same volume of acetone and left for 1 hr. 
at room temperature in the dark. The acetone was then 
removed completely by evaporation and the residue taken 
up in the original volume of n-hexane. 

Saponification. The method described by Plack (1956) 
was used except that the aq. KOH soln. was 60% (w/w). 

Chromatography. Carotenoids and the different forms of 
vitamin A, were separated on alumina by the following 
chromatographic methods. (a) Ethanol-weakened B.D.H. 
Alumina. The method of Thompson ef al. (1949) was used 
with the modification described by Kon, McGillivray & 
Thompson (1955). Elution with about 40 ml. of 2% (v/v) 
acetone in m-hexane removed carotenes, vitamin A, ester 
and vitamin A, aldehyde. Free xanthophylls and vitamin 
A, alcohol were then eluted with about 40 ml. of 8% (v/v) 
ethanol in n-hexane. (b) Ethanol-weakened heated B.D.H. 
Alumina. B.D.H. Alumina was first dried by heating to 
150-160° overnight in a ventilated electric oven. The pro- 
cedure was then as described above. (c) Water-weakened 
P.S. Alumina. P.S. Alumina was heated to 150-160° 
overnight. The alumina was covered with light petroleum, 


and water equal to 10 % of the weight of alumina was added 
dropwise with shaking (Ball, Goodwin & Morton, 1948), 
A column 20cm. long and 1-8cm. diam. was made up 
from the slurry, the extract put on in light petroleum and 
the eluates from successive 150 ml. lots of light petroleum, 
5% (v/v) and 10% (v/v) diethyl ether in light petroleum 
and pure diethyl ether were collected. (d) Gradient elution 
from water-weakened P.S. Alumina. For the quantitative 
separation of vitamin A, ester and aldehyde, a gradient- 
elution technique was used. A 500ml. Pyrex reagent 
bottle was filled to the top with light petroleum (550 ml.) 
and placed on a magnetic stirrer. A 1 mm. bore capillary 
tube fed into the middle of the bottle from a 250 ml. 
separating funnel containing 250 ml. of diethyl ether- 
light petroleum (1:1, v/v). The outlet was from the bottom 
of the bottle up through the neck and by a U-shaped 
capillary to the chromatography tube. At the necks of the 
bottle and the tube, the capillaries passed through rubber 
bungs which were not in contact with the solvents. The tube 
was 30 cm. long by 1 em. diam. with a sintered-glass base 
and a tap outlet below it (Quickfit and Quartz Ltd.). It 
was fitted with a tube, 45° to the vertical, between the 
sintered glass and the tap. This tube was normally closed 
but could be unstoppered to release the liquid accumulated 
above the tap. A column, 20 em. long, of water-weakened 
alumina was prepared, the chromatography tube being 
tapped to pack the column. The upper part of the tube was 
washed free from alumina with light petroleum, and a 
layer of anhydrous Na,SO, put on to the column through 
the light petroleum above it. The extract was added in 
light petroleum or in n-hexane and was washed into the 
column with three 1 ml. lots of light petroleum. Before the 
column became dry, it was attached to the outlet tube from 
the mixing bottle and elution begun. The head of liquid 
above the top of the column was 80-70 cm. and the rate of 
flow about 1 ml./20 sec. Thirty fractions of 8 ml. were 
collected in graduated test tubes, and Fig. 1 shows the con- 
centrations of diethyl ether associated with each. The 
extinctions of each fraction at 325 and 370 mp wereread 
directly in a Beckman model DU quartz spectrophoto- 
meter against light petroleum. Fractions showing greater 
absorption at 370 mp than at 325 mp (see Fig. 1) were 
assumed to contain vitamin A, aldehyde and were combined 
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Percentage of diethyl ether in 
light petroleum 





Fraction no. 


Fig. 1. Separation of vitamin A, aldehyde from a light- 
petroleum extract of herring eggs by gradient elution 
from water-weakened P.S. Alumina. —, Extinction of 
the fractions at 370 my; - - -, extinction of the fractions 
at 325 mu; —-—-, concentration of eluent [% (v/v) of 


diethyl ether in light petroleum] at the end of each 
fraction. 
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and evaporated to dryness. The residue was weighed and 
dissolved in CHCl, for the estimation of aldehyde by the 
Carr—Price test. Allowance was made for the volume of 
the residue, a density of 0-9 g./ml. being assumed. 

Estimation of carotenoids. Carotenoids were estimated in 
CHCl, solution, after saponification and chromatography, 
as described by Thompson (1949). 

Carr-Price reaction. All chemical estimations of vitamin A 
were made by the Carr—Price test. The spectrophoto- 
meter and method of Thompson (1949) were used to 
measure the intensity of the blue colours produced by 
vitamin A, alcohol and by vitamin A, aldehyde at their 
respective maxima, 620 and 664 my. One drop of acetic 
anhydride was always used. Esters of vitamin A, were 
saponified to the alcohol form before estimation. For 
vitamin A, alcohol, the colour produced corresponds to 
F}%, (620 mp) =5000 (Fisher, Kon & Thompson, 19565). 
This factor was used in the calculation of vitamin A, con- 
centration. Values for vitamin A, ester are given in terms 
of the equivalent weight of vitamin A, alcohol. With 
vitamin A, aldehyde, the colour increases in intensity until 
a maximum is reached 1-5-2-0 min. after addition of the 
antimony trichloride solution. The spectrophotometer 
reading at this maximum is almost twice the initial reading 
and corresponds to E}%, (664 mp) =3820, as determined 
with crystalline all-trans vitamin A, aldehyde prepared as 
described below. This factor was used to calculate the 
concentration of vitamin A, aldehyde. At wavelengths 
greater than 664 my the Beckman quartz spectrophoto- 
meter was used to measure the intensity of the blue colour 
in the Carr—Price test. 

Measurement of absorption. The Beckman spectrophoto- 
meter was used to determine absorption curves in the ultra- 
violet and in the visible regions of the spectrum in matched 
quartz cells of 1 cm. light path. 

Preparation of all-trans vitamin A, aldehyde. A solution 
of 1 g. of crystalline all-trans vitamin A, alcohol in 98 ml. 
of light petroleum with 2 ml. of ethanol was prepared and 
passed through a 1 cm. x 1-2 cm. column of precipitated 
manganese dioxide (Attenburrow et al. 1952) in 45 min. The 
column was washed with a small volume of 8% ethanol in 
n-hexane. Solvent was removed from the combined eluate 
and a small volume of n-hexane added to the residue. This 
solution was chromatographed on a 20cm. x 1-8 cm. 
column of ethanol-weakened B.D.H. Alumina and the 2% 
acetone in n-hexane and 8% ethanol in n-hexane eluates 
were collected. The latter contained unchanged vitamin A, 
alcohol and was again put through the oxidation and 
chromatography steps. After combination of the 2% 
acetone in n-hexane eluates and removal of the solvent, the 
aldehyde residue weighed 0-80 g. It was dissolved in 
14 ml. of light petroleum and crystallized at - 20°; yield 
0-37 g. Recrystallization from 7-4 ml. of light petroleum 
yielded 0-28 g. of all-trans vitamin A, aldehyde. 

A similar preparation gave £}%, =1450 at A,,,,, 381 mp 
in ethanol [Robeson, Blum, Dieterle, Cawley & Baxter 
(1955) give H1% =1530 at A, 381 my; Hubbard, 
Gregerman & Wald (1952-53) H}%, =1600 at Amax. 


383 mu]. With n-hexane as solvent, Bie, = 1690 at Anax. 
370 mp was found [Hubbard e¢ al. (1952-53) give Hi%, = 
1720 at Anax. 369 mp in light petroleum]. In the Carr— 
Price test, EL} %, =3820 at A,,x 664 my was found 
[Robeson et al. (1955) give £1 %, =3470 at A,,,., 664 mp and 


1 e 
Hubbard et al. (1952-53) E}%, =3970, at A,,,,. 666 my]. 


% 
lcm, 
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Reduction of vitamin A, aldehyde from herring eggs to the 
alcohol. The aldehyde was dissolved in a suitable volume of 
ethanol and the solution cleared by filtering through a 
no. 4 porosity sintered-glass funnel. A few milligrams of 
sodium borohydride were added and the absorption curve 
of the supernatant liquid was read after 20 min. and showed 
a peak at 325 mp. 

Formation of anhydrovitamin A,. To 1-5ml. of the 
solution of vitamin A, alcohol, mentioned above, in a 
quartz spectrophotometer cell 1-5 ml. of a 0-04N-solution 
of hydrogen chloride in ethanol was added. The extinction 
at 390 my was followed and when it ceased to rise (about 
15 min. after mixing) the absorption curve of the solution 
was read and showed the typical three peaks of anhydro- 
vitamin A, (Shantz, Cawley & Embree, 1943). 

Iodine isomerization. This was used to test for geometrical 
isomers in the vitamin A, aldehyde from herring eggs 
(Hubbard, 1956). The second method of Fisher, Kon & 
Plack (1957) was used. 

Vaginal-smear assay. The method of Pugsley, Wills & 
Crandall (1944) as modified by Clarke & Todd (1957) was 
followed. 

Chick liver-storage assay. A method based on that of 
Ames & Harris (1956) but with smaller doses of vitamin A 
was used. Groups of deficient chicks were dosed daily for 
5 days with vitamin A, acetate in arachis oil, given by 
dropper, or with herring eggs placed in the crop by means 
of a large syringe. Six days after the first dose, the chicks 
were killed and their livers removed and analysed for 
vitamin A. The method will be described in detail in a later 
paper. 

Rat liver-storage test. Vitamin A-deficient rats were bred 
and fed as described by Thompson et al. (1949), but for a 
fortnight from the twenty-first day after birth they were 
given diet 172a (Clarke & Todd, 1957), entirely devoid of 
vitamin A and carotenoids, to reduce more quickly their 
liver reserves. The deficient diet 213 (Henry, Kon, Mawson, 
Stanier & Thompson, 1949) was then given again, supple- 
mented with 35 i.u. of vitamin D/week, but vitamin A 
supplements were never given. When the rats were about 
12 weeks old and their rate of growth had slowed down, the 
livers of representative animals of different weights were 
examined to ensure that vitamin A reserves were negligible 
(less than 1yg./liver). Thereafter the rats either gained 
weight slowly or remained at the same weight for another 
20 weeks, and were suitable for use during this period. 
Both male and female animals were used at different times 
in the work, and their weights were 200-350 g. for males 
and 180-250 g. for females. 

Before dosing, the rats were starved for 24 hr., receiving 
water only. The test material was offered on a palette dish. 
Untreated herring eggs, usually 15 g., were given with no 
additions; other solids were mixed with diet 213 and to 
liquid extracts enough diet 213 was added to absorb them, 
any solvents being removed in a stream of nitrogen. To 
reduce spilling, the diets were mixed to a paste with water. 
Paper was placed under each cage to catch any spillings, 
which were returned to the dish. In general, the test 
materials were eaten within 4 hr., but occasionally it was 
necessary to add sucrose or diet to make them more 
palatable. When the dose had been eaten, diet 213 was 
offered ad lib. 

The rats were anaesthetized with diethyl ether 24 hr. 
after dosing, killed by bleeding from the heart and the 
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livers removed, each being cut into small pieces and placed 
in a mixture of 30 ml. of ethanol and 15 ml. of water. Each 
liver was then extracted in a blender with two 100 ml. lots 
of light petroleum. The solvent was removed from the 
combined extracts and the residue saponified and chro- 
matographed through ethanol-weakened B.D.H. Alumina. 
Vitamin A,, all in the alcohol form, was eluted with 8% 
ethanol in n-hexane and estimated by the Carr—Price test. 
The results for the dosed rats were corrected by subtraction 
of the mean value for the control rats given diet 213 
only. 

The vitamin A, stored in the liver gave a rough estimate 
of the vitamin A activity of the dose, since storage usually 
amounted to about 25%. When vitamin A, aldehyde was 
found to be the active substance, curves were prepared 
relating liver storage of vitamin A, to dose of vitamin A, 
aldehyde (see Figs. 3 and 4). Such curves showed that 
about 20 ug. of vitamin A, aldehyde had to be given before 
liver storage began. From these curves it was possible to 
calculate more accurately the vitamin A activity of the 
doses given in the earlier experiments. 


RESULTS 
Herring eggs 


Dry-matter content. The dry-matter contents of 
the various batches of eggs were between 36-9 and 
37-4%. Since they were uniform, results are given 
in terms of wet weight. 

Comparison of biological assays of vitamin A 
activity with chemical assays of vitamin A, ester and 
alcohol. Table 1 gives the results for chick liver- 
storage assays on two batches of eggs. The bio- 
logically determined activity was nine or ten times 
that due to the content of vitamin A, ester and 
alcohol. The carotenoids present were mainly 
xanthophylls and did not contribute significantly 
to the biological activity. Vitamin A, extracted 
from the livers of a group of chicks dosed with 
herring eggs behaved normally in the Carr—Price 
test and in n-hexane solution had an absorption 
maximum at 325 muy. 

A second biological assay on eggs of batch A 
showed that the vitamin A activity fell slightly on 
storage in deep-freeze for one year. 
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Association of the vitamin A activity with protein, 
On several occasions, the residues and supernatant 
liquids from homogenates of eggs were tested for 
vitamin A activity by the rat vaginal-smear, chick 
liver-storage or rat liver-storage test. The super. 
natant liquid was always found active and the 
residue inactive, or very little active. Dialysis of 
a similar supernatant liquid against water did not 
remove the activity, which was precipitated by 
heating and by trichloroacetic acid. 

Extraction of the vitamin A activity into light 
petroleum. Curves A and B of Fig. 2 show the 
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Fig. 2. Absorption curves of (A) a n-hexane solution of a 
light-petroleum extract of herring eggs (batch D) con- 
taining extract from 0-5 g. of eggs/ml., with a maximum 
at 325 my and an inflexion at 360 mp; (B) a light- 
petroleum extract of herring eggs (batch E), 0-5 g./ml., 
with maxima at 328 and 360 my; (C) a light-petroleum 
solution of the vitamin A, aldehyde obtained from the 
extract of batch E (curve B) by gradient elution from 
water-weakened P.S. Alumina, based on 0-5g. of eggs/ml., 
with a maximum at 365 mu. 


Table 1. Comparison of biologically and chemically determined vitamin A activity of herring eggs 


Biological activity was determined by the chick liver-storage test on blended eggs. Vitamin A, ester and alcohol were 
estimated by the Carr—Price test after extraction of the eggs with light petroleum in the presence of ethanol, saponification 


and chromatography. 


Jae pee 
Vitamin A, 
equivalent 

(ug./g-) 

Batch A 53 

Batch A, stored in deep-freeze 4-1 

for 1 year 

Batch B 4:8 


Chick liver-storage assay 





True fiducial 


Chemical assay 
Vitamin A, 
ester and 


aes = re 


limits at alcohol Xanthophylls Carotenes 
P=0-95 (ug-/g-) (ug-/g-) (ug-/g-) 
4-3-6-3 0-56 0-30 — 
3-3-5-0 _- ~- _— 
4-2-5:3 0-46* 1-20 0-05 


* Mean of seven determinations on batch C, the same raw material. 


+ Mean of four determinations on batch C. 


t One determination on batch C. 
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absorption of two light-petroleum extracts. Of 
these, curve A is the more typical. The differences 
between them are discussed later. In Table 2, 
mean values are given for the storage of vitamin A, 
by the rat from 15 g. of eggs and from the light- 
petroleum extract equivalent to 15g. of eggs. 
From the later results in Figs. 3 and 4, approximate 
values for the concentration of vitamin A, alde- 
hyde in the eggs have been calculated, which show 
that about 70% of the activity was extracted into 
light petroleum. 

Effect of acetone. The acetone-soluble and ace- 
tone-insoluble portions of a light-petroleum extract 
of batch C were given to rats in the liver-storage 
test. The acetone-soluble component was found to 
have very slight activity and the acetone-insoluble 
part no activity. Table 3 shows the results of a 
similar experiment in which the two fractions were 
tested separately and together. From the calcu- 
lated values derived from Fig. 4 the activity after 
acetone treatment was about 40% of that of the 
original extract. In another experiment involving 


Table 2. 
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treatment with acetone for lhr. (Table 3), the 
recovery of the activity was 39 %. 

Effect of saponification. Samples of light- 
petroleum extract from batch C were saponified 
and the non-saponifiable residue was given to rats 
(Table 3). Calculation from Fig. 4 shows that about 
60 % of the original activity passed into the non- 
saponifiable residue. 

In chromatography of the non-saponifiable 
residue on ethanol-weakened B.D.H. Alumina, the 
original vitamin A, alcohol and ester (now in the 
alcohol form) were in the eluate with 8% ethanol 
in n-hexane. On several occasions the eluate with 
2% acetone in n-hexane was tested by the Carr-— 
Price reaction. A blue colour was produced with the 
absorption maximum and increase in intensity 
characteristic of vitamin A, aldehyde, although the 
pure substance does not survive saponification. On 
the assumption that the substance was the alde- 
hyde a typical result for batch D after this pro- 
cedure was: vitamin A, aldehyde 1-52 pg./g. of eggs, 
vitamin A, ester plus alcohol 0-64 yg./g. of eggs. 


Comparison of the vitamin A activities in the rat liver-storage test of herring eggs 


and of light-petroleum extracts from herring eggs 


Samples of 15 g. of eggs or the light-petroleum extracts from 15 g. of eggs were given. Calculated concentrations of 
vitamin A, aldehyde in the eggs are derived from Figs. 3 and 4. M, male; F, female. 





Calculated 


Vitamin A, concen. of 


stored from vitamin A, Percentage 

Rats 15 g. of eggs. aldehyde in extraction 

cc —F Mean value eggs (a) calculated 

Sex No. (ug./liver) (ug-/g-) from (a) 
Eggs, batch C M 7 25-7 6-0 _ 
Light-petroleum extract M 18 15-3 4-1 68 
from eggs of batch C 

Eggs, batch D F 9 30-5 6-4 -—— 
Light-petroleum extract F 18 20-1 4-7 73 


from eggs of batch D 


Table 3. 


Liver storage of vitamin A, by male rats dosed with light-petroleum extracts of 15 g. 


of herring eggs (batch C) or with extracts after various treatments 


Calculated concentrations of vitamin A, aldehyde in the eggs are derived from Fig. 4. 


Calculated 
conen. of 

vitamin A, 

aldehyde in 


Vitamin A, 
stored from 
15 g. of eggs. 


Recovery 
calculated 


No. of Mean value eggs (a) from (a) 
rats (ug./liver) (ug-/g-) %) 
Light-petroleum extract 18 15:3 4-1 100 
Acetone-soluble part of extract 2 1-7 1-6 39 
Acetone-insoluble part of extract 2 0 0 0 
Acetone-soluble and acetone-insoluble 2 2°3 1-7 41 
parts of extract combined 
Extract dispersed in acetone for 1 hr. 3 1-5 1-6 39 
at room temperature in the dark 
Saponified extract 8 6-0 2-4 59 
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Identification of vitamin A, aldehyde as the active 
constituent. The results from saponification experi- 
ments led us to attempt the separation of vitamin A, 
aldehyde from the original extract by chromato- 
graphy. With ethanol-weakened B.D.H. Alumina, 
vitamin A, aldehyde is eluted with the esters by 
2% acetone in n-hexane, but neither this fraction 
nor the eluates with 8 % ethanol in hexane or with 
pure ethanol from the chromatography of a light- 
petroleum extract of batch C gave rise to significant 
liver storage of vitamin A when given to rats. 
A light-petroleum extract of batch D was chro- 
matographed on water-weakened P.S. Alumina 
and Table 4 shows the results of giving the eluates 
to rats. Some vitamin A activity was present in the 
eluates with light petroleum and 5% diethyl ether 
in light petroleum, and calculations from Fig. 3 
showed the combined recovery to be about 80%. 
The absorption curve of a similar eluate with 5% 
diethyl ether in light petroleum was examined in 
n-hexane and gave an absorption maximum at 


366 mp, which again suggested the presence of 


vitamin A, aldehyde. 

Extracts were then examined by gradient elution 
from water-weakened P.S. Alumina. Fig. 1 shows 
a typical separation. The fractions containing 
vitamin A, aldehyde (nos. 10-26) were combined, 
taken to dryness and the residue was dissolved in 
light petroleum. In Fig. 2, curve C is the absorp- 
tion curve of the vitamin A, aldehyde in light 
petroleum (A 365 my). In ethanol, the ab- 
sorption maximum was at 379 my. Reduction of 
this solution with sodium borohydride gave 
vitamin A, alcohol (A,,,, 325 my) and the identi- 
fication of the product was confirmed by the forma- 
tion of anhydrovitamin A,. 

From another separation, the fractions con- 
taining vitamin A, aldehyde gave the typical 
reaction of this compound in the Carr—Price test 
with a maximum absorption at 664 my. There was 


max, 
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no peak at 735 my, so that vitamin A, aldehyde 
was absent. Addition of a sample of all-trans 
vitamin A, aldehyde to a light-petroleum extract of 
eggs before chromatography resulted in only one 
main peak in the fractionation curve. 

Vitamin A, aldehyde separated from egg extracts 
by gradient elution behaved as the pure substance 
on ethanol-weakened heated B.D.H. Alumina 
and was eluted with 2% acetone in n-hexane, 
When the extract itself was chromatographed on 
this adsorbent, only a small amount of aldehyde, 
usually less than 25 % of that obtained from water. 
weakened P.S. Alumina, was eluted by this solvent 
mixture. With unheated ethanol-weakened B.D.H, 
Alumina, 2% acetone in n-hexane eluted slightly 
more vitamin A, aldehyde than from the heated 
adsorbent. 

Isomerization of a sample of the vitamin A, 
aldehyde with iodine resulted in no significant 
change in absorption maximum or in extinction. 

Comparison of biological activities of extracts with 
chemically determined vitamin A, aldehyde, ester and 
alcohol. Light-petroleum extracts from 15 g. of 
eggs (batch D) were given to rats, alone and with 
60 and 120 pg. of added vitamin A, aldehyde, and 
another group of rats received vitamin A, aldehyde 
only. Fig. 3 shows the results with female rats. The 
difference in slope of the curves indicates that in 
the presence of the extract, liver storage from a 
given dose of vitamin A, aldehyde was rather 
better than when the aldehyde was fed alone. In 
Fig. 3, curve C has therefore been drawn through 
the origin of curve B (which a repeat experiment 
confirmed as 20 yg.) parallel to curve A, and this 
curve C has been used for the conversion of yg. of 
vitamin A,/liver into pg. of vitamin A, aldehyde/ 
dose. In this experiment, the liver storage from an 
extract equivalent to 15 g. of eggs was 20-8 yg. of 
vitamin A,, which corresponds to a dose of 72 yg. 


of vitamin A, aldehyde or 4-8 yg./g. of eggs. The 


Table 4. Liver storage of vitamin A, by female rats dosed with light-petroleum extracts of 15g. of herring eggs 
(batch D) or with fractions obtained by chromatography of an extract from 15 g. of eggs on water-weakened 
P.S. Alumina 


Calculated concentrations of vitamin A, aldehyde in the eggs are derived from Fig. 3. 


Light-petroleum extract 
Eluate with light petroleum 
Eluate with 5% (v/v) diethyl 
ether in light petroleum 
Eluate with 10% (v/v) diethyl 
ether in light petroleum 
Eluate with diethyl ether 


Calculated 
conen. of 
vitamin A, 


Vitamin A, 
stored from 
15 g. of eggs. 
Mean value aldehyde in eggs 
(ug. liver) (ug./¢.) 
20-1 4-7 
1-6 1-6 
5-5 2-2 


0 0 


0 0 
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Vitamin A, in liver (ug.) 
& 


80 100 120 
Vitamin A; aldehyde given (yg.) 

Fig. 3. Relationship between dose of vitamin A, aldehyde 
and vitamin A, stored in the liver of female rats. Each 
point is the mean value for three rats, except the first 
and last points of curve A, which are the means for two. 
Each vertical line represents the range of values, where 
these extend beyond the symbol. Curve A, light- 
petroleum extract of 15g. of herring eggs (batch D), 
alone and with 60 and 120ug. of added vitamin A, 
aldehyde. Curve B, vitamin A, aldehyde alone. Curve C, 
drawn through the origin of curve B parallel to curve A 
(see text). 
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Fig. 4. Relationship between dose of vitamin A, aldehyde 
and vitamin A, stored in the liver of male rats. Each 
point is the mean value for four rats, and each vertical 
line represents the range of values where these extend 
beyond the symbol. Curve A, light-petroleum extract of 
15 g. of herring eggs (batch D), alone and with 40, 80 and 
120 ug. of added vitamin A, aldehyde. Curve B, vitamin 
A, aldehyde alone. Curve C, drawn through the origin of 
curve B parallel to curve A. 


vitamin A, aldehyde in this extract was estimated 
chemically, after separation by the gradient- 
elution method, as 3-5 yg./g. of eggs. Vitamin A, 
ester and alcohol, determined together after 
saponification, amounted to 0-8 yg./g. and since it 
was found that liver storage from vitamin A, 
acetate was essentially the same as from the alde- 
hyde, the total chemical activity, equivalent to 
4-3 pg. of vitamin A, aldehyde/g., may be compared 
with the biological value of 4-8 ug./g. 

Fig. 4 shows the result of a similar experiment 
with male rats, except that the light-petroleum 
extracts of eggs were given alone and with 40, 80 
and 120yg. of added vitamin A, aldehyde. The 
values for vitamin A, aldehyde alone do not lie on a 
straight line. Curve C has been drawn as in Fig. 3, 
and calculated values have been based on this 
curve. Liver storage from an extract equivalent to 
15 g. of eggs was 14-9 yg. of vitamin A,, correspond- 
ing to a dose of 61 ug. of vitamin A, aldehyde or 
4-1 pg./g. of eggs. Chemical determinations gave 
3-6 ug. of vitamin A, aldehyde/g. and 0-8 yg. of 
vitamin A, ester and alcohol/g., equivalent to a 
total of 4-4 ug. of aldehyde/g. of eggs. 

Comparison of the properties of light-petroleum 
extracts with those of pure vitamin A, aldehyde. In 
Table 5 the properties of light-petroleum extracts 
of herring eggs are compared with those of pure 
vitamin A, aldehyde. The chromatographic be- 
haviour on ethanol-weakened B.D.H. Alumina was 
markedly different, as were the effects of saponifi- 
cation and of acetone. 

Extraction with other solvents. Solvent mixtures 
other than light petroleum and ethanol were tried 
in an attempt to extract more than the 70% of 
the biological activity obtained with the latter. 
Vitamin A, aldehyde in the extracts was determined 
chemically after separation by gradient elution 
from water-weakened P.S. Alumina. The results 
are compared in Table 6. Although mixtures of 
chloroform and methanol extracted more lipid 
soluble in n-hexane than did light petroleum with 
ethanol, there was no improvement in the amount 
of vitamin A, aldehyde extracted. 


Eggs of other teleost fishes 


The eggs of seven other species of teleost fishes 
were extracted with light petroleum in the presence 
of ethanol. Vitamin A, aldehyde was separated by 
gradient elution from water-weakened P.S. Alumina 
and estimated chemically; vitamin A, ester and 
alcohol were separated by chromatography on 
ethanol-weakened B.D.H. Alumina, saponified, 
chromatographed again on the same adsorbent and 
estimated by the Carr—Price test. Table 7 gives the 
vitamin A, aldehyde and ester plus alcohol con- 
centrations, and the range of values obtained with 
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Table 5. 


Comparison of the properties of pure vitamin A, aldehyde 


with those of a light-petroleum extract of herring eggs 


Criterion 


Carr—Price test 


Chromatography on ethanol- 
weakened heated B.D.H. Alumina 


Chromatography by gradient 
elution from water-weakened 
P.S. Alumina 

Saponification 

residue 


Effect of acetone No effect 


Pure vitamin A, aldehyde 
Typical blue colour, doubling in 
intensity over 2 min. 
All present in 2% acetone in 
n-hexane eluate 


Appears in fractions 10-26 when 
fractionated as in Fig. 1 


Does not appear in non-saponifiable 


Extract of herring eggs 
Weak blue-grey colour produced, 
increasing slightly in intensity 
Small amounts of aldehyde in 2% 
acetone in n-hexane eluate 

(‘free’ aldehyde) 

Free aldehyde produced which 
appears in fractions 10-26 
(see Fig. 1) 

Some free aldehyde in non- 
saponifiable residue 

Biological activity reduced to 
40% of original 


Table 6. Comparison of the amounts of lipid and vitamin A, aldehyde extracted 
from herring eggs by different methods 


Extraction methods are described in the Experimental section. Vitamin A, aldehyde was estimated chemically after 
separation by gradient-elution from water-weakened P.S. Alumina. 


Method 


CHCl,—methanol (1:1) extract, 
n-hexane-soluble part 


CHCIl,—methanol (2:1) extract, 
n-hexane-soluble part 


Light-petroleum extract 


* Single estimations. 


Table 7. 


Vitamin A, 
aldehyde 
(ug-/g. of eggs) 
4-9* 


Lipid 
(g-/g. of eggs) 
0-094* 


0-085* 4-0* 


0-047} 4-2} 


+ Mean of five estimations. 


Concentrations of vitamin A, aldehyde and of vitamin A, ester and alcohol 


in the eggs of some marine teleost fishes 


Estimations were done on light-petroleum extracts of the eggs. Vitamin A, aldehyde was separated by gradient elution 
f 58 1 S 

from water-weakened P.S. Alumina. Vitamin A, ester and alcohol were separated on ethanol-weakened B.D.H. Alumina, 

saponified and purified by further chromatography. All estimations were by the Carr—Price test. 


Fish 
Cod (Gadus callarias L.) 
Common dab [Limanda limanda (L.)]} 


Vitamin A, 
Vitamin A, ester and 
aldehyde alcohol 
(Hg-/8-) (ug-/g-) 
1-3 0-1 
1-6 0-1 


Long rough dab [Hippoglossoides platessoides (Fabr.)] 2-8 0-1 


Haddock (Gadus aeglefinus L.) 
Turbot [Scophthalmus maximus (L.)] 
Whiting (Gadus merlangus L.) 


Witch [Glyptocephalus cynoglossus (L.)] 


Herring (Clupea harengus L.) 


herring eggs is given for comparison. The concen- 
trations of aldehyde were all of the same order, and 
about ten times greater than the concentrations of 
ester plus alcohol. 


DISCUSSION 


In the early stages of this work (Fisher et al. 1956a) 
we were unable to extract the vitamin A activity of 
herring eggs into lipid solvents. The identification 


2-0 0-1 
23 0-2 
2-6 0-2 
1-5 — 


2-4-5-7 0-3-0-9 


of the active substance as vitamin A, aldehyde 
explains why certain of the more drastic treatments 
with potassium hydroxide or hydrochloric acid 


were of no use. Nevertheless, our normal extrac- 
tion with ethanol and light petroleum should have 
been effective then as it is now. In the earlier 
extracts, ethanol or ethanol—water mixtures were 
added to the eggs before the light petroleum, and 
we have observed that such treatment denatures 
the protein on the outside of the eggs to produce 
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hard spheres not easily broken in the blender, 
which may explain our earlier lack of success. The 
present method avoids this difficulty by blending 
the eggs thoroughly alone and with light petroleum 
so that they are broken down before addition of the 
ethanol. Nevertheless it allows extraction of only 
about 70% of the vitamin A activity detected 
biologically, and we have attempted to improve the 
extraction by varying the ethanol concentration 
and by using mixtures of chloroform and methanol. 
These modifications have not so far proved 
successful. 

The carotenoids present in the extracts were 
mainly xanthophylls, with only small quantities of 
carotenes. Their contribution to the total vitamin A 
activity would be very small. In earlier experi- 
ments we had found that vitamin A, aldehyde was 
present at about the same concentration as the 
vitamin A, ester and alcohol. The detection of what 
was apparently vitamin A, aldehyde after saponi- 
fication led us to examine the extracts more closely 
for this substance although, under our conditions, 
the pure aldehyde does not survive saponification. 
Water-weakened P.S. Alumina yielded more 
aldehyde from egg extracts than did ethanol- 
weakened B.D.H. Alumina, and for quantitative 
work we have used gradient elution from water- 
weakened P.S. Alumina. This method has two 
advantages over stepwise elution. In the first 
place it is independent of small differences in 
different batches of adsorbent and in the second it 
is, within limits, independent of the quantity and 
quality of lipids present, which affect the elution of 
both vitamin A, ester and aldehyde. 

From the results, the evidence for the identifica- 
tion of the active substance as vitamin A, aldehyde 
seems satisfactory, but the absorption maxima of 
365 mp in light petroleum and 379 my in ethanol 
are lower than the accepted values for all-trans 
vitamin A, aldehyde, 369 my in light petroleum 
(Hubbard et al. 1952-53) and 383 mp (Hubbard 
et al. 1952-53) or 381 mp (Robeson et al. 1955) 
in ethanol. This displacement may be due in 
part to the irrelevant absorption present, and 
in part to the presence of isomers other than 
all-trans. The iodine-isomerization test indicates 
that the isolated aldehyde is probably an equi- 
librium mixture of isomers, in which the all-trans 
form is predominant. 

Having established that vitamin A, aldehyde was 
the major vitamin A-active substance present in 
herring eggs, we were able to derive curves relating 
liver storage of vitamin A, to dose of all-trans 
vitamin A, aldehyde in the rat liver-storage test. 
From these we found that the biological activities 
of light-petroleum extracts of the eggs were 
accounted for by their content of vitamin A, 
aldehyde, ester and alcohol. In these calculations 
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we have assumed that vitamin A, ester and alcohol, 
expressed in terms of the alcohol, are biologically 
equivalent to the same weight of vitamin A, 
aldehyde. This is not strictly true since there is a 
slight difference in molecular weight and, on a 
molar basis, Ames, Swanson & Harris (1955) have 
found that all-trans vitamin A, aldehyde has 91% 
of the biological activity of all-trans vitamin A, 
acetate. The errors involved, however, are neg- 
ligible. The agreement between biological assays of 
the extracts with all-trans vitamin A, aldehyde as 
standard and the sums of the chemical activities 
indicates that isomers of the aldehyde with low 
biological activity can be present only in small 
amounts (Ames et al. 1955). 

The identification of vitamin A, aldehyde, how- 
ever, is possible only after the extract has been 
chromatographed threugh water-weakened alu- 
mina. Table 5 shows that the properties of the 
crude extract are markedly different from those of 
pure vitamin A, aldehyde, particularly in the 
effects of saponification and of acetone. These 
properties suggest that in the original extract, most 
of the aldehyde groups are protected in some way, 
possibly by combination with another lipid or a 
non-lipid substance. This suggestion is supported 
by the absorption curves of two extracts given in 
Fig. 2. Curve A, with a peak at 325 my and an 
inflexion at 360 my, was from batch D of herring 
eggs, and the extract contained a total of 3-6 yg. of 
vitamin A, aldehyde/g. of eggs, of which 15% was 
free, that is eluted by 2% acetone in n-hexane 
from ethanol-weakened B.D.H. Alumina. Curve B, 
with two peaks at 328 and 360 my, was from a 
sample of batch E, and this particular extract 
contained a total of 2-9 vg. of vitamin A, aldehyde/ 
g. of eggs, of which 32 % was free. The two curves 
are not directly comparable, since the absorption of 
extraneous substances and the concentration of 
total vitamin A, aldehyde were different, but the 
increase in free aldehyde seems to be related to less 
extinction in the 325my region and greater 
extinction in the 360 my region. The quantities of 
vitamin A, ester and alcoho] present would make 
only a small contribution to the 325 my peak, 
corresponding to an extinction of about 0-070 for 
curve A, and less for curve B. It seems possible 
therefore that linkage of vitamin A, aldehyde 
through the aldehyde group, leaving only five 
conjugated double bonds as in vitamin A, ester and 
alcohol, causes the complex in eggs to exhibit 
additional absorption in the 325 my region. The 
aldehyde may be present as a plasmalogen and we 
are investigating the nature of the complex and the 
liberation of free aldehyde. Assuming a molecular 
weight for the complex twice that of vitamin A, 
aldehyde, the active material comprises only sven 
of the weight of the lipid present. 





476 

The only function of vitamin A definable in 
chemical terms is in the visual cycle, and here it is 
also found as the aldehyde, combined with protein 
in the visual pigments. It is possible that in fish 
eggs also, the aldehyde form of vitamin A, is con- 
cerned in some fundamental biochemical reaction. 
We are at present investigating the different forms 
of vitamin A in developing eggs of herring and 
salmon to find at what stage in development the 
aldehyde form disappears, or is no longer pre- 
dominant. 

To the best of our knowledge, our preliminary 
communication (Plack et al. 1957) was the first to 
report the occurrence of vitamin A aldehyde in a 
tissue other than the eye. Since then, Scharpenseel 
& Wolf (1958) have found small amounts of 
vitamin A, aldehyde in the livers and adrenals of 
rats injected intraperitoneally with 1 mg. of tri- 
tium-labelled vitamin A, acetate. Table 7 shows 
that the aldehyde is present in the eggs of all eight 
marine teleost fishes we have so far examined, the 
concentration being some ten times greater than 
that of vitamin A, ester and alcohol, but with the 
same methods we did not detect it in hen’s eggs, 
ox liver or cow’s blood, ovaries or milk. 


SUMMARY 


1. The biological vitamin A activity of herring 
eggs is about ten times greater than the chemically 
determined content of vitamin A, ester and alcohol. 

2. Some 70% of the biological activity can be 
extracted with light petroleum in the presence of 
ethanol. The activity of these extracts is accounted 
for by 2-4—5-7 yg. of vitamin A, aldehyde/g. of eggs, 
with smaller quantities of vitamin A, ester and 
aleohol. Small quantities of carotenoids, mainly 
xanthophylls, are also present. 

3. Most of the vitamin A, aldehyde is linked to 
other substance in such a way that its 
characteristic properties are masked. Free alde- 
hyde is liberated by chromatography through 
water-weakened alumina. 


some 


4. The eggs of all seven other species of marine 
fishes examined vitamin A, 
aldehyde at concentrations of 1—3 wg./g. The con- 


teleost contained 
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centration of the combined ester and alcohol forms 
was about ten times less. 


We wish to thank Dr B. B. Rae for samples of fish eggs, 
Mr G. F. Harrison and Mrs P. E. E. Todd for carrying out 
biological assays and Mrs P. J. Plack for technical assistance, 
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Esterases in the Milk and Blood Plasma of Swine 
1. SUBSTRATE SPECIFICITY AND ELECTROPHORESIS STUDIES 
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Institute of Organic Chemistry and Biochemistry, University of Stockholm, and Department of 
Animal Nutrition, Genetics and Hygiene, Royal Veterinary College, Stockholm, Sweden 


(Received 23 June 1958) 


Except for the well-known capacity of milk to 
hydrolyse fat and certain triglycerides (e.g. tri- 
butyrin; see review by Herrington, 1954), used as 
a measure of hydrolytic rancidity, its esterase 
activity has been little studied. Among aromatic 
esters, phenyl salicylate (salol) attracted some 
interest in the beginning of this century because it 
was found to be susceptible to enzymic hydrolysis 
by milk and mammary glands of various species 
(Grimmer, 1913; Takai, 1936). The hydrolysis of 
naphthyl acetate by milk has been used as a 
colorimetric method for ‘lipase’ determination 
(Greenbank, 1950). 

Choline esters are generally not hydrolysed by 
milk (man, cow, cat, goat, horse) (Augustinsson, 
1948; McCance, Hutchinson, Dean & Jones, 1949; 
Alm & Augustinsson, 1957). The absence of 
cholinesterase in the milk of various species was 
also demonstrated by a biological technique 
(Kocié-Mitrovié, 1955). In two instances, however, 
milk was shown to exhibit high or moderate 
cholinesterase activity, i.e. the colostrum of dog 
(McCance et al. 1949; McCance & Brown, 1953) and 
the colostrum and milk of swine (Hines & McCance, 
1953). These two sources of cholinesterases are 
examples of interesting species differences in bio- 
chemical behaviour for which no biological ex- 
planation is known so far. 

During studies on the species variation in ester- 
ase patterns of vertebrate-blood plasmas (Augustins- 
son, 1958), swine plasma was found to contain, in 
addition to an aromatic esterase (arylesterase), a 
cholinesterase possessing remarkable properties. 
Sow’s milk was also found to contain an esterase, 
the properties of which did not resemble those of 
any other esterase hitherto described. Very little is 
known about the esterase or lipase activity of 
swine milk, and the specificity of the enzyme 
responsible for the lipase activity is unknown. 

The present investigation was undertaken in 
order to study the specificity and other properties 
of milk and plasma esterases of swine. A second 
paper (Augustinsson & Olsson, 1959) reports the 
variation of the esterase activities during the 
course of lactation and suckling. 


METHODS 


Assay of esterase activity. The esterase activity was 
determined manometrically by the Warburg technique at 
25° in a bicarbonate—CO, buffer, pH 7-4 (Augustinsson, 
1957), and was expressed in by.) values, i.e. wl. of CO, evolved 
from a total volume of 2-0 ml. during 30 min., corrections 
being made for non-enzymic hydrolysis of the substrates. 
For practical reasons, the amount of enzyme present in 
each determination was selected to give by, between 50 and 
150. 

Esterase preparations. Milk and blood were collected 
from adult swine of the Swedish Landrace breed (Augustins- 
son & Olsson, 1959). Fat was removed from the milk by 
centrifuging. Plasma was prepared from heparinized 
blood, and was free from all cells including thrombocytes. 
Serum, instead of plasma, was used in some cases; both had 
the same esterase activity when tested with various 
substrates. 

Substrates. Aliphatic, aromatic and choline esters were 
tested as substrates. The substrates used were the acetyl, 
propionyl and butyryl esters of the following radicals: 
isoamyl, glycerol, phenyl and choline, also acetyl- 
B-methylcholine (f-acetoxypropyltrimethylammonium 
iodide), benzoylcholine, succinylcholine, the carbon analogue 
of acetylcholine (3:3’-dimethylbutyl acetate), and Tween 20 
(polyoxyethylenesorbitan monolaurate). Choline esters 
were all employed in the form of iodides. The substrate 
concentration in the reaction mixture was 0-01 M. 

Esterase inhibitors. Eight compounds were selected as 
inhibitors from those frequently employed as selective 
enzyme inhibitors in recent esterase studies (Augustinsson, 
1957): physostigmine salicylate, tetraisopropylpyrophos- 
phoramide, bismonoisopropylaminofluorophosphine oxide 
(mipafox), 10-(1-diethylaminopropionyl)phenothiazine hyd- 
rochloride (Astra 1397), 1:5-bis(4-trimethylammonium- 
phenyl)pentane-3-one di-iodide (62C47), bis-(piperidino- 
methylcoumaranyl-5) ketone (3318CT), sodium arsanilate 
(Atoxyl) and quinine sulphate. The enzyme preparations 
were incubated for 50 min. with inhibitor in bicarbonate— 
CO, buffer before addition of substrate. The esterase in- 
hibition was expressed in pJ;,) values, i.e. the negative 
logarithm of the molar inhibitor concentration producing 
50% enzyme inhibition. The active fractions obtained in 
electrophoresis experiments were dialysed against the 
bicarbonate buffer before testing against the inhibitor. 

Electrophoresis. Preparative electrophoretic separation 
was performed in cellulose columns (1-5 cm. x40 cm., 
veronal buffer, pH 8-4, J 0-1). Details of the procedure 
have been presented elsewhere (Augustinsson, 1958). 
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Protein concentration was estimated by a modified Folin 


procedure (Lowry, Rosebrough, Farr & Randall, 1951); 
extinction coefficient is given in arbitrary units. 


RESULTS 


Esterase specificity pattern of sow’s milk and plasma 


Sow’s milk. The substrate-specificity pattern of 
sow’s milk esterase compared with those of the 
esterases of swine plasma and of the milk and 
plasma of cow is shown in Fig. 1. The most 
characteristic feature of the esterase activity of 
sow’s milk was the rapid hydrolysis of choline 
esters, butyrylcholine being hydrolysed at the 
highest rate. The milk enzyme responsible for this 
reaction exhibited exceptional substrate specificity ; 
both acetylcholine and propionylcholine were 
hydrolysed more slowly than butyrylcholine, and 
acetylcholine more rapidly than propionylcholine. 
This specificity pattern differs from those of all 
other cholinesterases (except that of swine-plasma 
cholinesterase, see below). The difference in the 
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Fig. 1. Enzymic hydrolysis of various esters by milk and 
plasma of swine and cow. Esterase activities were 
determined with 0-01 M-substrate and suitable amounts of 
the enzyme solution; all substrates were tested and some 


were found to give zero values. Activity values, by, 


refer to 0-1 ml. of milk or plasma (see Methods). Note 
different scales for swine and cow diagrams. The effect of 
NO,-substitution in the para position of phenyl acetate 
is illustrated by different shading (Z, phenyl acetate; 
WN, p-nitrophenyl acetate). T, Glycerol; iAm, isoamy]; 
Ch, choline; Ph, phenyl; Ac, acetyl; Pr, propionyl; 
Bu, butyryl; Bz, benzoyl; Su, succinyl. ; 
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hydrolysis rates of acetyl- and propionyl-choline } 


was small, but significant, and the same when 
tested at various substrate concentrations. The 
same enzyme was responsible for the hydrolysis of 
the three choline esters, as could be demonstrated 
when the enzyme was isolated by electrophoresis, 
Benzoylcholine and succinylcholine were also split 
by this enzyme; the hydrolysis rates were lower 
than for butyrylcholine (13-3 and 11-:3% respec. 
tively as compared with the rate for butyrylcholine), 
but the hydrolysis of succinylcholine was excep. 
tional since no other animal tissue so far studied 
hydrolyses this ester at such a relatively high rate, 
The rate of hydrolysis of the carbon analogue of 
acetylcholine (3:3’-dimethylbutyl acetate) was 
10% of the hydrolysis rate of the choline ester, 
Acetyl-8-methylcholine was not split by sow’s 
milk. 

Sow’s milk also hydrolysed phenyl esters; the 
acetate was split more rapidly than either the pro. 
pionate or butyrate. The substitution of an NO, 
group in the para position of phenyl acetate 
lowered the enzymic hydrolysis rate by about 
90%. As will be demonstrated below, a single 
enzyme is responsible for the hydrolysis of both 
choline and aromatic esters. It is characteristic of 
this enzyme (classified as a butyrylcholinesterase) 
that phenyl acetate is hydrolysed at about the 
same rate as butyrylcholine. 

Among the aliphatic esters used as substrates, 
the isoamyl esters were hydrolysed at very low 
rates. Triglycerides were also split slowly, the pro- 
pionate being hydrolysed more rapidly than the 
acetate and butyrate; evidence will be given below 
to show that the triglycerides are also hydrolysed 
by the butyrylcholinesterase present in sow’s milk. 
Among other esters tested as substrates the 
following were not hydrolysed: procaine hydro- 
chloride, atropine sulphate, cocaine hydrochloride 
and heroin. Tween 20 was hydrolysed as rapidly as 
tributyrin. 

Swine plasma. Sow’s milk esterase may well 
originate from the blood plasma, the esterase 
pattern of which is therefore of interest in this 
connexion (Fig. 1). A recent paper summarizing 
the results obtained with swine and other plasmas 
(Augustinsson, 1958) reports that three types of 
esterases are present in most vertebrate plasmas: 
arylesterase (aromatic or A-esterase), ali-esterase 
(aliphatic or B-esterase) and cholinesterase. The 
cholinesterase present in low concentration in 
swine plasma was reported previously to have an 
exceptional substrate specificity (Levine & Suran, 
1950, 1951). The present results for the plasma 
cholinesterase of swine confirm those reported by 
Myers (1953), including the hydrolysis of benzoyl- 
choline (13% of the hydrolysis rate of butyryl- 


choline), which has been a subject of discussion. 
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The specificity pattern of the plasma cholinesterase 
was similar to that of the butyrylcholinesterase of 
sow’s milk, but the activity of the plasma towards 
butyrylcholine was only 4% of the activity 
possessed by milk (Fig. 1). 

In contrast with choline esters, the phenyl esters 
were hydrolysed by the plasma of certain swine at 
about the same rate as by the milk. para-Substitu- 
tion of phenyl acetate with NO, decreased the 
enzymic hydrolysis with milk, but increased the 
hydrolysis rate about eight times with plasma. 
Swine plasma contains, in addition to a butyryl- 
cholinesterase, an arylesterase of the acetyl type, 
resistant to physostigmine and organophosphorus 
compounds (Augustinsson, 1958). Such an esterase 
is not present in milk, and it is also absent, or 
present in only very low concentration, in certain 
swine plasma. It was found that the arylesterase 
concentration of swine plasma exhibits considerable 
individual variability. For convenience of presen- 
tation, two types of plasmas will be distinguished: 
plasma A with high activity (bj) 300-500) and 
plasma a with low activity (bs, 20-35) towards 
phenyl acetate. This individual variability will be 
discussed further in the next paper (Augustinsson 
& Olsson, 1959). 

Most vertebrate plasmas were found to contain 
a third esterase, ali-esterase, which was sensitive to 
toxic organophosphorus compounds but resistant 
to physostigmine (or prostigmine). There is no 
evidence that an ali-esterase is present in swine 
plasma. Aliphatic hydrolysed at 
negligible rates, and electrophoretic and inhibitory 
studies revealed that the butyrylcholinesterase was 
responsible for the hydrolysis of these esters. The 
activity against phenyl acetate was reduced to an 
equal extent by both an organophosphorus com- 


esters were 
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physostigmine (or prostigmine) (cf. Augustinsson & 
Olsson, 1959), suggesting that no other enzymes 
were responsible for the hydrolysis of phenyl 
acetate except cholinesterase and arylesterase. 

Comparison with enzymes of the cow. Cow’s milk 
hydrolysed all the esters studied at very low rates. 
The hydrolysis rates both of choline esters and 
phenyl esters were particularly low. The trigly- 
cerides were also hydrolysed at low rates (10% of 
the rates of hydrolysis by sow’s milk). Cow plasma 
has long been known to have low cholinesterase 
activity, and the enzyme was recently shown to 
have the specificity of a propionylcholinesterase 
(Augustinsson, 1958). The only esterase present in 
significant amounts in cow plasma was an acetyl- 
arylesterase which hydrolysed phenyl acetate at a 
very high rate. 


Sensitivity to selective esterase inhibitors 


The activities of sow’s milk towards butyryl- 
choline, phenyl acetate and tripropionin were in- 
hibited to the same degree by a number of com- 
pounds which have been used previously as 
selective esterase inhibitors (Table 1). This is a 
strong indication that one single enzyme hydro- 
lyses all three esters. The esterase is a typical 
cholinesterase, being sensitive to both physostig- 
mine and organophosphorus compounds (pJ;.> 5). 
The phenothiazine derivative (Astra 1397) was 
a comparatively strong inhibitor, indicating that 
the enzyme could be as a group II 
cholinesterase (pseudocholinesterases) (Augustins- 
son, 1957), to which group the butyrylcholinester- 
ases belong. The sensitivity to compounds 62C47 
and 3318CT (see Methods) is in favour of this 
suggestion. The results obtained with sodium 
arsanilate and quinine, substances which are used 


classified 


pound (tetraisopropylpyrophosphoramide) and __ in clinical work as selective esterase inhibitors for 


Table 1. Susceptibility of milk and plasma esterases to various inhibitors 


Esterase activity was measured with butyrylcholine, phenyl acetate and tripropionin as substrates. The enzyme pre- 
paration was incubated for 50 min. with the inhibitor before addition of substrate. Inhibition was expressed in pJ;9 
values, i.e. negative logarithm of molar inhibitor concentration producing 50% esterase inhibition. The concentration of 
milk during the incubation with inhibitor was 5% for butyrylcholine and phenyl acetate, and 50% for tripropionin. The 
concentration of plasma was 50%, except that of plasma A which was 5% for phenyl acetate. iso-OMPA, tetraisopropyl- 
pyrophosphoramide. The other inhibitors listed are identified in the Methods section. 
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Physostigmine 7-0 7-2 6-2 7-0 
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liver and pancreatic esterases, indicated that the 
milk enzyme was similar to an esterase resistant to 
sodium arsanilate thought to be produced in the 
pancreas. The similarity of cow’s milk lipase and 
pancreatic lipase has been demonstrated pre- 
viously (Rice & Markley, 1922). 

The butyrylcholinesterase of swine plasma 
showed an inhibitory pattern which resembled 
closely that of the milk esterase. This evidence, in 
combination with results reported above, strongly 
suggests that the plasma and milk cholinesterases 
are identical. 

The enzyme which hydrolysed aromatic esters 
and was present in high concentration in the plasma 
of some swine (plasma A, Table 1) was resistant to 
all inhibitors tested. It therefore resembled aryl- 
esterase present in mammalian plasmas. By con- 
trast, the hydrolysis of phenyl acetate by a plasma 
exhibiting low arylesterase activity (plasma a, 
Table 1) was strongly inhibited by all those com- 
pounds which were strong inhibitors of the plasma 
butyrylcholinesterase; the inhibitory pattern of 
such plasmas was, on the whole, similar to that 
characteristic of cholinesterase. This suggests that 
the hydrolysis of phenyl acetate by this type of 
plasma was due mainly to the plasma cholinester- 
ase. The less active the plasma was in hydrolysing 
phenyl acetate the more closely did the pattern of 
inhibition resemble that of cholinesterase. 
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Fig. 2. Distribution of protein and esterase activity after 


column electrophoresis of 3-0 ml. of sow’s milk (fat-free). 
The run was performed at 30 ma over a period of 13-5 hr. 
in a 1-5 cm. x 40 em. cellulose column in veronal buffer 
(pH 8-4, J 0-1) at 5°. The material was displaced from 
the column in 1-5 ml. fractions. The protein contents 
(@) (measured by the extinction coefficient of the Folin 
colour) and esterase activity (bj, per 0-4 ml. fractions; 
@, butyrylcholine; O, phenyl acetate; A, benzoyl- 
choline; 0, succinylcholine) are plotted as ordinates 
against the fraction numbers as abscissae. Peaks indi- 
cated by Cl, ete. refer to fractions with butyrylcholin- 
esterase activity. y refers to immune globulins. 
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Electrophoretic fractionation 


Milk and colostrum. Typical electrophoresis 
patterns obtained with sow’s milk and colostrum 
are illustrated in Figs. 2 and 3. The milk electro. 
phoresis pattern was characterized by a sharp, but 
non-symmetrical, esterase peak (C 1), this being due 
to the highly active butyrylcholinesterase, which 
moved slower than all major milk-protein com. 
ponents, including the slow-moving globulins, 
A much smaller, faster-moving peak (C3) was also 
usually seen, especially with milk collected during 
the first days of lactation. The esterase activities as 
measured with butyrylcholine and pheny] acetate 
paralleled each other in all active fractions; this is 
suggestive evidence, together with the data pre. 
sented above, for the presence in sow’s milk of only 
one esterase. 

In contrast with mature milk, colostrum gave an 
electrophoresis pattern in which the second, fast- 
moving peak (C3) was much more prominent, and 
the slow-moving peak (C1) correspondingly re- 
duced. The faster-moving peak now accounted for 
over half the cholinesterase of the colostrum, and 
the main component in it could be seen to be 
accompanied by a more slowly moving second 
component revealed by the shoulder C2. The 
mobility of the main component was the same as 
that of the main cholinesterase fraction of plasma 
(see below), and the substrate specificity and other 
properties (e.g. sensitivity to inhibitors) were also 
the same for the two fractions. It is therefore 
suggested that the faster-moving esterase com- 
ponent of colostrum and mature milk and the 
cholinesterase in plasma are identical, that they 
originate from the same (unknown) source, and 
that the electrophoretic mobility of the enzyme 
present in colostrum is lowered during the course of 





250 125 
200 100 
= 
150 2 
2 
E eo 
100 so § 
3 
50 25 
50 
0 10 20 30 40 50 


Fraction no. 


Fig. 3. Distribution of protein and esterase activity of 
3-0 ml. of sow’s colostrum (fat-free) after column electro- 
phoresis. Experimental conditions and symbols were as 
described for Fig. 2. 
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lactation. This may be due to the loss of some 
anionic groups not essential for esterase activity, 
perhaps by combination with another constituent 
of milk which appears in increasing amounts. 
Except for the electrophoretic mobility, the pro- 
perties of the esterases found in the two fractions 
(C3 and C1) of colostrum were identical. The 
differences in electrophoretic patterns of colostrum 
and milk samples collected at various stages of 
lactation, in relation to both protein and esterase 
composition, will be discussed in more detail in the 
next paper (Augustinsson & Olsson, 1959). 

Blood serum. The arylesterase of serum (plasma) 
(Fig. 4) moved together with the albumin com- 
ponents, as do all vertebrate-plasma esterases of the 
arylesterase type (Augustinsson, 1958). Butyryl- 
cholinesterase activity was at a maximum in two 
distinct fractions. The two peaks (C3 and C4) of 
the electrophoresis pattern were due to the same 
enzyme, as could be verified by specificity and 
inhibitor experiments. The esterase activity of 
fractions with the highest electrophoretic mobility 
and having the same position as the arylesterase 
active fractions was sensitive to physostigmine 
when tested with butyrylcholine as substrate but 
not when tested with phenyl acetate. Arylesterase 
and cholinesterase seemed to be able to move 
together in electrophoresis. Thus, as in milk, 
cholinesterase in plasma did not move as a single 
entity, but was found in two separate fractions. 

Mixtures of esterases from milk and blood serum. 
Evidence was presented above that milk and blood 
plasma contain the same butyrylcholinesterase. 
This fact, and the interaction observed between 
this enzyme and the arylesterase present in plasma 
(but not present in milk), led to more detailed 
electrophoretic studies of the two types of ester- 
ases in mixtures. The electrophoresis pattern of a 
mixture of milk and blood serum is illustrated in 
Fig. 5. It will be observed that maximum activity 
against both phenyl acetate and butyrylcholine 
was obtained in one and the same peak with the 
same, or almost the same, electrophoretic mobility 
as that of the arylesterase peak of the serum 
electrophoresis pattern. That the esterase peak in 
Fig. 5 represented both the serum-arylesterase and 
milk-cholinesterase activity was revealed by sub- 
strate specificity and inhibitory studies of the most 
active fractions. Thus the enzymic hydrolysis of 
phenyl acetate by these fractions was partially 
sensitive to physostigmine (pl) 6-5), suggesting 
that cholinesterase (from the milk) was actually 
present in the fractions tested and was contributing 
to the total hydrolysis of phenyl acetate. These 
results suggest that the two enzyme proteins form 
a complex with an electrophoretic mobility which 
is the same as that of the plasma arylesterase. 
Active fractions of lower mobility showed a 
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Fig. 4. Distribution of protein and esterase activity of 
1-5 ml. of swine-blood serum after column electrophoresis. 
Experimental conditions and symbols were as described 
for Fig. 2. «, B and y refer to serum «-, B- and y-globulin. 
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Fig. 5. Electrophoresis patterns of mixtures of milk- and 
plasma-esterase preparations. (A) 2-0 ml. of milk and 
1:0 ml. of blood serum (protein curve not inserted). 
(B) 2-0 ml. of isolated milk butyrylcholinesterase and 
1-0 ml. of blood plasma. (C) 2-0 ml. of milk and 1-0 ml. 
of isolated plasma acetylarylesterase. Isolated esterases 
used were obtained by electrophoretic separation. 
Esterase activities (bs, per 0-4 ml. of each fraction) were 
measured against phenyl acetate (O) and butyryl- 
choline (gm). Unbroken lines (without symbols) are 
protein curves. Other experimental conditions were as 


described for Fig. 2. 
Bioch. 1959, 71 
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different substrate specificity from the highly 
active fractions (C4). These slower-moving frac- 
tions were represented by two esterase peaks (C3 
and C 2), although not clearly separated. Specificity 
and inhibition studies with these slower-moving 
fractions revealed that they contained cholin- 
esterase only, one fraction (C3) corresponding to 
the original cholinesterase peak of the serum 
electrophoresis pattern, and the other (C2) 
corresponding to one of the slower-running cholin- 
esterase complexes seen in colostrum. 

Further evidence for interaction between the 
two esterase types was obtained when the isolated 
esterases were mixed together or with crude 
enzyme preparations before electrophoresis. It 
will be seen from Fig. 5 (B) that the electrophoresis 
pattern of a mixture of separated milk cholin- 
esterase (peak C1) and blood plasma had lost the 
original milk-esterase peak, the cholinesterase 
activity being found in three other fractions 
instead, all with higher electrophoretic mobilities 
than the original fraction. These three peaks were 
all close to the three peaks demonstrated in 
Fig. 5 (A): C4 moving together with arylesterase, 
C3 identical with the cholinesterase peak of original 
plasma and C2 originating from the milk esterase. 
These three cholinesterase peaks, in addition to 
the original milk-esterase peak (C1), were also 
observed in an electrophoresis pattern (Fig. 5C) of 
milk which was mixed with separated plasma 
arylesterase before electrophoresis. 


DISCUSSION 


Unique substrate specificity of swine butyryl- 
cholinesterase. Owing to species variation in the 
properties of enzymes, there are usually difficulties 
in classifying them on a strict enzymological basis. 
However, the enzymes hydrolysing choline esters 
can no doubt be regarded as a group of esterases 
differing from other esterases in being sensitive to 
10 »M or lower concentrations of physostigmine. It 
is probably justifiable to retain the classification 
into the two types of cholinesterases which has 
been established during the last few years, and the 
use of more specific terms, such as acetylcholin- 
esterase, propionylcholinesterase and _ butyryl- 
cholinesterase is still recommended. The problem 
of classification, however, remains a complicated 
one, and the group of butyrylcholinesterases, for 
instance, is represented by a variety of esterase 
types which are best designated according to their 
sources. 

The cholinesterase described in the present paper 
differs, as far as the substrate specificity is con- 
cerned, from all other cholinesterases known. The 
presence in swine serum of a cholinesterase which 
hydrolyses acetylcholine at a relatively high rate, 
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but which has no measurable activity when tested 
with benzoylcholine or acetyl-8-methylcholine, 
was reported by Levine & Suran (1950, 1951), 
Myers (1953), on the other hand, found benzoy). 
choline to be hydrolysed by swine serum. He 
reported also that both acetylcholine and butyryl. 
choline are hydrolysed more rapidly than pro. 
pionylcholine, but unfortunately absolute activity 
values were not given. The experimental data 
presented by Myers strongly suggested that all 
choline esters tested were hydrolysed by the same 
enzyme. The results obtained in the present in- 
vestigation with swine plasma confirm those 
reported by Myers. It is characteristic of the cholin. 
esterase present in low concentration in swine 
plasma that acetylcholine is hydrolysed at about 
58 % of the hydrolysis rate of butyrylcholine, and 
at a higher rate (1-2%) than that of propionyl- 
choline, the substrate concentration (10 mm) being 
the same for all esters. This is an exceptional 
substrate-specificity pattern for a cholinesterase, 
since all enzymes of this type described so far 
either split acetylcholine at a higher rate than 
propionyl- and butyryl-choline (group I cholin- 
esterases), or at a lower rate than both these 
esters (group II cholinesterases; see review by 
Augustinsson, 1957). 

It seems to be of great significance that the 
butyrylcholinesterase is present in 25 times higher 
concentration in sow’s colostrum and milk than in 
plasma. All the results presented above strongly 
suggest that the enzyme present in milk is identical 
with that of plasma. The high concentration in milk 
and the ease with which the enzyme can be isolated 
(by electrophoresis) from this secretion have made 
it possible to study the properties of the enzyme in 
greater detail. Except for the properties already 
mentioned, the capacities for hydrolysing succinyl- 
choline at a relatively high rate, and phenyl 
acetate at a rate almost the same as that of butyryl- 
choline, are most significant. In this respect, also, 
the enzyme is unique among cholinesterases. 

It has been emphasized by others (e.g. Whittaker, 
1951) that the effect of variation in the acyl group 
of the ester substrate on the rate of enzymic 
hydrolysis is not the same for all series of esters 
being hydrolysed by the same enzyme. It will be 
noted that the effect of changes in the acyl group 
on the rate of hydrolysis of aromatic and choline 
esters by sow’s milk is not the same for the two 
series of esters, the acetate being hydrolysed more 
rapidly than both the propionate and butyrate in 
the aromatic series. The hydrolysis rate of phenyl 
acetate relative to that of butyrylcholine is high, 
and in some instances, especially when high con- 
centration of the milk is tested, the rate of hydro- 
lysis of the aromatic ester may exceed that of the 
choline ester, when the activities are measured at 
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the same substrate concentration. This high rate of 
enzymic hydrolysis of the aromatic ester relative to 
that of the choline ester may be due to an increase 
in the capacity of the substrate to become adsorbed 
on proteins, perhaps because of the presence of the 
aromatic ring (cf. Klotz, 1953). 

Significance of arylesterase in swine plasma. In 
contrast with milk, the plasma of certain swine 
contains an arylesterase which hydrolyses neither 
aliphatic nor choline esters. The presence of such 
esterases in the plasmas of a great variety of verte- 
brates has recently been reported (Augustinsson, 
1958); they are identical with the A-esterases 
reported by Aldridge (1953). The arylesterases are 
resistant to organophosphorus compounds and to 
physostigmine and have, in most cases, greater 
electrophoretic mobility than the other two ester- 
ase groups (aliesterases and cholinesterases) present 
in vertebrate plasmas. They are generally found 
in the albumin fraction, this being true also 
for the swine-plasma enzyme. The swine aryl- 
esterase is a typical acetylarylesterase, and is 
easily separated from the butyrylcholinesterase by 
electrophoresis. 

The interesting feature of the arylesterase is the 
great variation in concentration from animal to 
animal. It has been demonstrated (Augustinsson & 
Olsson, 1959) that it is almost absent in the plasma 
of piglets at birth, that the capacity to synthesize 
it, most probably residing in the liver, is inherited, 
and that its concentration rises during the course of 
lactation to an extent which is dependent on the 
genotype of each animal. 

The presence of the acetylarylesterase in other 
swine organs has not been examined, except for 
mammary glands in which it is present together 
with butyrylcholinesterase. In contrast with the 
latter enzyme, the arylesterase cannot be secreted 
actively by the glands. 

Electrophoresis patterns of swine esterases. Elec- 
trophoretic separation of plasma esterases has been 
described previously in a few cases only (Goutier, 
1956; Skorepa, 1956). The technique using electro- 
phoresis in cellulose columns was employed re- 
cently in a comparative study of esterases present 
in vertebrate plasmas (Augustinsson, 1958). The 
electrophoretic esterase pattern of swine plasma 
resembles those of other mammalian plasmas. The 
arylesterase is located in the albumin fraction, and 
the cholinesterase migrates between the «,- and 
B-globulin. In addition, the butyrylcholinesterase 
of swine plasma is normally found also in a fraction 
which moves together with arylesterase; this is 
considered to be due to complex formation between 
the two enzyme proteins. 

Milk (or colostrum) has not been previously used 
in any electrophoretic studies like those described 
in the present paper. Electrophoresis patterns of 
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sow’s colostrum and milk, dealing with protein 
composition and being obtained with conventional 
free-electrophoresis technique (Deutsch, 1947; 
Foster, Friedell, Catron & Dieckmann, 1951) or 
paper electrophoresis (Nordbring, 1957), have been 
published previously ; they are equivalent to those 
obtained by electrophoresis in cellulose columns 
under otherwise similar experimental conditions 
(Figs. 2 and 3). In a single electrophoretic run, the 
butyrylcholinesterase of mature milk is easily 
separated from other milk proteins owing to the 
very low mobility of the enzyme. Except for the 
mobility in electrophoresis, all properties of the 
milk esterase so far examined are similar to those 
of the plasma butyrylcholinesterase. It is therefore 
of significance that the esterase of colostrum is 
present not only in the slow-moving fraction (C 1) 
but also in a faster-moving one (C3), the mobility 
of which is the same as that of the plasma enzyme. 
This observation strongly suggests that the two 
esterases are identical. It will be noted that 
the milk enzyme is found, not in its original 
position when mixed with plasma, but in the 
two positions characteristic for plasma butyryl- 
cholinesterase. 

The faster-moving esterase fraction of colostrum 
probably represents the enzyme uncombined with 
other components. The mobility of the enzyme 
protein may be lowered during the first days of 
lactation. Experimental evidence to show this has 
been obtained (Augustinsson & Olsson, 1959). The 
mechanism by which the enzyme changes its 
electrophoretic mobility will not be further in- 
vestigated until the two esterase fractions have 
been isolated in a pure state. Similarly, further 
investigations must be carried out with isolated 
esterases from milk and plasma before any sug- 
gestions are made about the mechanism by which 
the butyrylcholinesterase and the plasma aryl- 
esterase interact. Changes in electrophoretic 
mobility of proteins due to interaction with other 
proteins have been observed previously (see review 
by Klotz, 1953). 


SUMMARY 


1. Sow’s milk contains in high concentration a 
butyrylcholinesterase with a substrate-specificity 
pattern differing from all other cholinesterases. 
This enzyme hydrolyses phenyl acetate at a rate 
which is only slightly lower than that of butyryl- 
choline. No other esterase is present in important 
amounts in sow’s milk. 

2. Swine plasma contains the same butyry]l- 
cholinesterase, although in 20-25 times lower con- 
centration. 

3. An acetylarylesterase (aromatic esterase) is 
present in high concentration in the plasma of some 
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swine, and in low or medium concentration in that 
of others. 

4. The sensitivity of the milk and plasma 
esterases to various inhibitors has been ex- 
amined. 

5. Electrophoresis in cellulose columns has-been 
performed with milk, colostrum and blood serum 
of swine, and also with mixtures of separated and 
crude enzyme preparations. 

6. The milk electrophoresis pattern is character- 
ized by one peak of maximum butyrylcholinester- 
ase activity. At pH 8-4, the enzyme moves more 
slowly than all major milk-protein components. 

7. In addition to the slow-moving esterase 
fraction of mature milk, a second faster-moving 
fraction of high esterase activity is characteristic of 
the electrophoresis pattern of colostrum. The 
properties of the esterase present in the two frac- 
tions are similar. 

8. Arylesterase of plasma moves together with 
the albumin components. Plasma butyrylcholin- 
esterase is concentrated in two separated fractions, 
one moving together with arylesterase, the other 
having the same mobility as the faster-moving 
enzyme of colostrum. 

9. The implications of these observations are 
discussed. 
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Esterases in the Milk and Blood Plasma of Swine 
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PERIODS, AND PLASMA ARYLESTERASE AS A GENE-CONTROLLED ENZYME 
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A butyrylcholinesterase of substrate specificity 
different from that of all other cholinesterases is 
present in high concentration in sow’s milk; no 
other esterases are present (Augustinsson, 1958); 
Augustinsson & Olsson, 1959). Swine plasma con- 
tains the same esterase, but in much lower concen- 
tration; in addition, an acetylarylesterase is present 
in high concentration in some plasmas and in very 
low concentration in others. There is no evidence so 
far that other types of esterases (aliesterases, 
lipases) are present in the plasma of swine. The 
present investigation was designed to study the 


esterase activities in colostrum, milk and plasma of 
the sow during the course of lactation and the 
activities in the plasmas of her piglets during their 
suckling period. Special attention was directed to 
the frequency of high and low plasma arylesterase 
activity in the litter. 


METHODS 


Assay of esterase activity. The esterase activity was 
measured by the Warburg technique and expressed in D,/ 
0-1 ml. (unless otherwise stated) of colostrum, milk, plasma 
or serum (Augustinsson, 1957). 
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Substrates. Routine measurements of butyrylcholin- 
esterase and arylesterase activities were carried out with 
butyrylcholine iodide and phenyl acetate respectively in a 
final concentration of 10 mm. 

Inhibitor. Prostigmine bromide was used as a selective 
inhibitor for butyrylcholinesterase in the estimation of the 
two types of esterase present in swine plasma. 

Blood plasma (serum). Blood samples were collected with 
heparin without anaesthesia from sows and boars by 
puncture of an ear vein and from piglets by puncture of the 
anterior vena cava. All animals used were of the Swedish 
Landrace breed. The plasma was centrifuged free from all 
cells including thrombocytes. In some instances, the 
plasma was preserved by freezing, which resulted in the 
formation of fibrin clots; these were removed by centri- 
fuging (or by hand) before using the plasma. Serum was 
prepared by removing the clot of untreated whole blood, 
and was always free from signs of haemolysis; the plasma 
was more difficult to obtain free from some signs of haemo- 
lysis but this did not influence the results, as was shown by 
control experiments. 

The esterase activities of plasma and milk were followed 
during the lactation period for three sows and their piglets 
(Expts. I-III); the same boar was the father of all three 
litters. In addition, the plasmas of a fourth litter (Expt. IV) 
of the same father were analysed at 22 and 70 days of 
age. Blood samples were collected from the sows 2-4 days 
before expected parturition, at parturition and 36 hr. and 
3 days after parturition, and then weekly to about 56 days 
after parturition. The piglets were removed from the sow 
immediately after birth and were not allowed to suckle. 
Blood samples from the cord (after cutting) of each piglet 
were pooled. All piglets of the litter were then allowed to 
suckle and subsequent blood samples from individual 
piglets were collected at the age of 36 hr., 3 days and then 
weekly to the age of about 56 days. 

Milk. Colostrum and milk were collected at the time 
when the blood samples were drawn. All colostrum and 
milk samples were pooled samples, obtained from several 
teats by manual expression. The piglets were isolated from 
the sow 2-3 hr. before milking. In Expt. I during the whole 
lactation period, and in Expts. II and III at parturition 
and 36hr. after parturition, colostrum and milk were 
collected at the ordinary let-down when the piglets were 
allowed to suckle. From 3 days after parturition in Expts. IT 
and III, the milk samples were obtained after inducing 
the let-down by the intravenous injection of 10 i.u. of 
oxytocin (Hypadrin; Astra, Sédertilje, Sweden) into an 
ear vein. The samples were analysed without delay, or 
preserved by freezing before use; the latter procedure did 
not influence the esterase activity, nor did it produce any 
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significant change in the electrophoretic patterns, as has 
been demonstrated (Mathews & Buthala, 1956). 

Electrophoresis. Electrophoretic separation of the protein 
components of milk and blood plasma was performed in 
cellulose columns, 1-5cm.x40cm., in veronal buffer 
solution (pH 8-4, J 0-1) (Augustinsson, 19582). 


RESULTS 


Butyrylcholinesterase of colostrum and milk 


Activity during the course of lactation. The 
butyrylcholinesterase in sow’s milk is responsible 
for the high hydrolysis rate of both choline and 
aromatic esters. This makes possible the use of 
either type of ester when studying the esterase 
activity during the course of lactation. Butyryl- 
choline was preferred, because this substrate is 
generally hydrolysed more rapidly. The butyryl- 
cholinesterase activity declined during the first 
2 weeks after parturition; it then varied from time 
to time, but was rather constant during the later 
part of lactation. The activity of later milk was 
usually lower than that of colostrum (Expts. IT and 
ITI, Table 1; cf. Fig. 2), but higher activity (Expt. I) 
or the same activity was also observed. Hines & 
McCance (1953), who measured the esterase 
activity with acetylcholine as substrate, found 
colostrum and milk to have the same activity. The 
hydrolysis rate of phenyl acetate paralleled that of 
butyrylcholine, which is consistent with the 
previous observations that the same enzyme is 
responsible for the hydrolysis of the two sub- 
strates. In contrast with milk, colostrum in some 
cases (as in Fig. 2) hydrolysed phenyl acetate some- 
what more rapidly than butyrylcholine (ef. 
Augustinsson & Olsson, 1959). 

Changes in electrophoretic pattern during the 
course of lactation. The electrophoresis pattern of 
colostrum was characterized by two peaks of high 
cholinesterase activity (Fig. 1). The properties of 
the enzymes present in the two fractions were 
similar in substrate specificity and sensitivity to 
inhibitors. The slower-moving esterase component 
was identical with the active component (C1) of 
later milk, in which the faster-moving esterase 
component (C3) was missing. In addition to these 


Table 1. Butyrylcholinesterase activity of colostrum and milk from three sows during the course of lactation 


Esterase activity was measured towards 10 mm-butyrylcholine and expressed in 69/0-1 ml. of colostrum or milk. 


Expt. I 
Cs x C 

Day of Day of 
lactation dso lactation 


1 1 
6 8 
23 2é 22 
37 36 
51 50 


Expt. II 
NN 


Expt. III 
a 
Day of 
bso lactation 
670 1 
435 8 
365 22 
385 43 
470 _ 
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peaks of maximum esterase activity, colostrum as 
well as mature milk gave a peak (C2) of lower 
esterase activity between the two main peaks. The 
faster-moving component (C3), which was shown to 
be identical with the cholinesterase present in 
blood plasma, disappeared gradually during the 
first days of lactation and was not present in later 
milk from the fourth day after parturition. It is 
obvious that the mobility of the esterase com- 
ponent is significantly changed during lactation. 
When the esterase is formed, probably in the 
mammary glands, the mobility is that of the faster- 
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Fig. 1. Electrophoresis patterns of colostrum and milk at 
various stages during the lactation period: (A) at 
parturition ; (B) 2 days, (C’) 4 days, and (D) 25 days after 
parturition. The run was performed with 3-0 ml. each of 
colostrum or milk at 30 ma over a period of 13-5 hr. in 
a 1-5cm.x40cm. cellulose column in veronal buffer 
(pH 8-4, J 0-1) at 5°. The material was displaced from the 
column in 1-5 ml. fractions. Relative protein contents 
(unbroken lines without symbols; measured by the 
extinction coefficient of the Folin colour) and esterase 
activity (b,, per 0-4 ml. fractions; ™, butyrylcholine; 
O, phenyl acetate) are plotted against the fraction 
numbers. C1, C2 and C3 are active fractions referred to 
in the texc. 
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moving fraction (C3); it is then gradually lowered 
to reach the mobility of the slower-moving fraction 
(Cl). 

The results of protein analysis demonstrated the 
high relative concentration of slow-moving glo. 
bulins in early colostrum, and the marked decrease 
in concentration of these proteins during the first 
24hr. after delivery. This significant change in 
protein composition of milk during lactation con. 
firms previous results obtained with conventional 
free-electrophoresis technique and paper electro. 
phoresis, and reported for both sow’s milk (Deutsch, 
1947; Foster, Friedell, Catron & Dieckmann, 1951; 
Nordbring, 1957) and milk of other animal species, 


Butyrylcholinesterase of blood plasma 


The butyrylcholinesterase activity of sow’s 
blood plasma was almost constant during the whole 
lactation period, and the same as before delivery 
(Fig. 2). At birth, the cholinesterase activity was 
lower in the plasma of the piglets than in that of 
their mother. The activity rose in the first 10- 
15 days of life to about the same order of magnitude 


80 


60 


Esterase activity 


Plasma 





0 10 20 30 40 50 60 
Period after birth (days) 


Fig. 2. Butyrylcholinesterase activities of the plasmas of 
the sow and her seven piglets, and of sow’s milk (colo- 
strum) during the course of lactation and suckling 
(Expt. III; cf. Table 3). The vertical arrow indicates 
weaning. Esterase activity (b,, per 0-01 ml. of milk or 
0-1 ml. of plasma) was measured with butyrylcholine 
(m, milk; O, sow plasma; A, mean activity values, and 
@, highest and lowest activity values, of piglet plasmas); 
milk-esterase activity was also tested against phenyl 
acetate (1). Esterase activity of piglet plasmas at birth 
was measured with a pooled sample collected from the 
cords. Butyrylcholinesterase activity in the plasma of 
the boar was 19-5. 
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as that of the mother. All piglets behaved simi- 
larly, and the values obtained for individual piglets 
of a litter did not show greater variation than 
could be expected from a normal enzyme-activity 
variation of a pure population (Table 3). Even 
between different litters no significant differences 
were observed. 

The rise in plasma-butyrylcholinesterase activity 
of piglets during the first 2 weeks of suckling may 
well depend on the consumption of mother’s 
colostrum, which contains the enzyme in high 
concentration. Experiments to test this assump- 
tion were not performed, mainly because of 
difficulties entailed in rearing the piglets on cholin- 
esterase-free colostrum and milk (evaporated or 
synthetic). 


Acetylarylesterase of blood plasma 


Plasmas with high and low activity. The concen- 
tration in plasma of an arylesterase, not present in 
milk, varied considerably from animal to animal. 
In fact, various types of swine plasma exist with 
high (bs) 300-500), intermediate or low (bs, 20-35) 
activity towards phenyl acetate. There is no sex 
difference. The arylesterase was specific towards 
aromatic esters, and butyrylcholine was therefore 
not split by this enzyme. Aromatic esters, on the 
other hand, were also hydrolysed by butyryl- 
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Fig. 3. Contribution made by cholinesterase and aryl- 
esterase of various swine plasmas from adult and young 
animals to the hydrolysis of phenyl acetate. Cholin- 
esterase activity of each plasma (1-6) (b,9 per 0-1 ml., 
right abscissa) was abolished by treatment with pro- 
stigmine bromide for 45 min. before addition of sub- 
strate. Left abscissae, negative logarithm (pl) of 
prostigmine concentration (mM) during activity determi- 
nations. The percentage contribution made by each 
esterase (@, butyrylcholinesterase; ©, acetylaryl- 
esterase) to the total hydrolysis of phenyl acetate is 
indicated in the histogram. (1) and (2): adult animals; 
(3)-(6): piglets of various ages; (3), cord blood; (4), 
2 days; (5) and (6), 36 days old. 
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cholinesterase, which was always present in low 
concentration (bs), 18-25) in swine plasma, and did 
not exhibit significant individual variation. 

In order to calculate the contribution made by 
the two esterases (butyrylcholinesterase and 
acetylarylesterase) to the hydrolysis of phenyl 
acetate, the activity was determined in the 
presence and absence of prostigmine; the pro- 
stigmine-sensitive portion of the total hydrolysis 
was taken as being due to cholinesterase. Determi- 
nations were made on a series of plasmas from adult 
and young animals differing in their capacity to 
hydrolyse phenyl acetate (Fig. 3). In a plasma 
from an adult swine with high arylesterase activity, 
less than 5% of the hydrolysis rate of phenyl 
acetate was attributed to butyrylcholinesterase ; in 
a plasma with low arylesterase activity this 
portion was about 58%. In newborn animals, 
which irrespective of the activities of the parents 
had low plasma-arylesterase activity, less than 
3% of the hydrolysis rate of phenyl acetate was 
due to arylesterase. This enzyme may be regarded 
as being absent at birth in the piglets, since in the 
plasma from cord blood the hydrolysis of phenyl 
acetate could be almost completely abolished by 
0-01-0-1 mm-physostigmine or prostigmine. 

The low arylesterase activity of certain plasmas 
was probably not due to inhibition, because 
mixing plasmas with high and low activity re- 
spectively yielded enzyme preparations with 
activities equivalent to the sum of the activities of 
the components (Table 2). Nor did the activities 
of isolated enzyme preparations (by electrophoresis) 
from plasmas with low arylesterase activity suggest 
the presence of inhibitors as an explanation for the 
low activity. 

Activity during the course of lactation and suckling 
period. Preliminary experiments demonstrated 
that the arylesterase activities in the plasmas of 
individual piglets from the same litter were not of 
the same order of magnitude. Within a litter of 
nine piglets, 135 days old (litter I, Table 3), four 
piglets had high plasma-arylesterase activity 
(278 + 37-5) and five piglets low activity (26-5 + 3-5). 


Table 2. Summation experiments with plasmas 
having high (A) and low (a) arylesterase activity 


Esterase activity was measured with phenyl acetate as 
substrate and with mixtures of 0-1 ml. of plasma A and 


various amounts of plasma a. 
bso of mixtures of 
plasma A and a 


Volume —— 
Plasma (ml.) Dao Cale. Found 
A 0-1 61-5 — — 
a 0-1 18-5 80-0 82-5 
0-2 37-0 98-5 99-0 
0-3 54-0 115-5 116-5 
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This observation indicated a possible inheritance of 
arylesterase in swine plasma, and the activity was 
therefore studied in more detail with various litters 
and their parents. So far, four litters with the same 
father but with different mothers have been 
examined. Table 3 summarizes the results obtained 
with the litters of various ages. The boar had low 
enzyme activity, and the sows high in two experi- 
ments (II and III; the activity of the mother of 
litter I, most probably high, was not examined 
because it was slaughtered before the genetic 
aspects of the arylesterase were noted) and low in 
one experiment (IV). In the litters, the sows of 
which had high arylesterase activity, one group had 
high (three out of seven in both litters II and ITT) 
and another low (or medium) activity; there was a 
significant difference between the activities of the 
two groups in all three litters (I, II and III). In 
litter IV, both parents of which had low aryl- 
esterase activity, all six piglets had the same low 
activities 22 and 70 days after birth. We are 
inclined to regard these observations as evidence 
that the property of swine plasma to hydrolyse 
phenyl acetate (as a measure of arylesterase) is 
inherited. 

In contrast with the individual variation of 
arylesterase activity in piglets 3 weeks or more of 
age, all newborn animals had the same low enzyme 
activity irrespective of their mothers’ high activity 
(litters If and III). Differentiation into two groups, 
one with high and one with low enzyme activity, 
began on the second to the fourth day of life 
(Figs. 4, 5). It is therefore not the enzyme protein 
itself which is inherited, but the power to syn- 
thesize it. The activity increased steadily up to the 
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value found for the plasma of the sow (Expt. III) 
or to medium values (Expt. II) compared with 
sow’s activity. In one of the experiments (Expt. 
IIT, Fig. 5) the activities of the second group of 
animals were at the same low level during the 
entire lactation period. In the other experiment 
(Expt. II, Fig. 4) there was an increase of the 
arylesterase activity also in the plasmas of the 
second group during the first 2 weeks; this increase 
was, however, significantly smaller than in the 
animals with high activity, and the final activity 
values were constant and at a relatively low level 
compared with those of high activity. It will be 
observed that the plasma activity of the sow in 
Expt. III was much lower (about 250) than that of 
the sow in Expt. IT (about 400). 

It will be noticed that the arylesterase activity of 
the sows was lower than normal at parturition. The 
activity increased rapidly after parturition (in 
about 4 days) to higher (normal) values. 

As noted in Fig. 5, the activity in one of the 
animals (with high adult activity values) decreased 
significantly at 29 and 36 days after birth and then 
rose again up to the levels found in the two other 
animals of the same group. We are inclined to 
regard this disturbance in enzymic synthesis as 
possibly being due to a subclinical hepatitis; the 
esterase is most probably synthesized in the liver. 

Electrophoretic patterns. Esterase activity 
measured towards phenyl acetate was found in 
two peaks. The faster-moving component moved 
together with the albumin fraction and represented 
arylesterase. The slower-moving esterase com- 
ponent (C3), of much lower activity than the faster- 
moving one, was sensitive to physostigmine and it 


Table 3. Butyrylcholinesterase and arylesterase activities in the blood plasma of piglets 
from four litters of various ages, with the same father 


Esterase activity (b,,) was measured towards butyrylcholine (BuCh) and phenyl acetate (PhAc) and with 0-1 ml. of 
plasma. The plasma activities of the father were 19-5 for BuCh and 33-5 for PhAc. 














bso 
e — — = Y 
Litter (Expt. no.) ... I II Til IV 
Age (days) 135 49 22 22 
c ~~ f A ~ re r oes —7 
Sex BuCh PhAc Sex BuCh PhAc Sex BuCh PhAc Sex BuCh PhAc 
Sow —_— — — — 21 389 -- 23 246-5 — 23-5 315 
Piglet 
1 F 19 251 F 205 271 M 19-5 137 M 17 23 
2 F 24 246 M 22 230 F 21 180 M 19 22 
3 F 27 389 F 245 263 F 17 144 F 19 28:5 
4 M 21-5 224 F 29 85-5 M 21 28-5 M 20°5 24-5 
5 M 26-5 30 F 24-5 90 M 20 28-5 F 20 275 
6 F 23-5 19 F 29 103 F 17 22 F 20 32 
7 F 26 27:5 F 23 99-5 M 15 14:5 — —_ — 
8 F 22-5 17-5 — — 
9 F 28 37:5 —— _- — — 
Mean (BuCh) 24+1 24-541 18-541 19+0°5 
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Fig. 4. Acetylarylesterase activity of the plasmas of the 
sow and her seven piglets during the course of lactation 
(Expt. II). Esterase activity (bj) per 0-1ml.) was 
measured with phenyl acetate (O, sow; A, mean 
activity values of one male and two female piglets; 0, 
mean activity values of four female piglets). Arylester- 
ase activity in the plasma of the boar was 33-5. See Fig. 2 
for further details. 
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Fig. 5. Acetylarylesterase activity of the plasmas of the 
sow and her seven piglets during the course of lacta- 
tion (Expt. III). Esterase activity (bj) per 0-1 ml.) was 
measured with phenyl acetate [O, sow; (1, mean activity 
values of three male and one female piglets; A, mean 
activity values of two maleand one female piglets, except 
for values obtained 29 and 36 days after birth, these re- 
ferring only to the female and one of the males, since the 
activities of the other male piglet (A) were significantly 
lower on these days]. The father of the litter was the 
same as in Expt. II (Fig. 4). See Fig. 2 for further details. 
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Fig. 6. Electrophoresis patterns of the plasmas of piglets 
of various ages: (A) 2 days, (B) 7 days, (C) 80 days. In 
each run 1-5 ml. of plasma was used. Experimental 
conditions were as described for Fig. 1. Relative protein 
contents (unbroken line; measured by the extinction 
coefficient of the Folin colour) and esterase activity 
(by per 0-4 ml. fractions, measured against phenyl 
acetate, O) are plotted against the fraction numbers. 
The active fractions at C3 are due to butyrylcholin- 
esterase; they have the same position as the butyryl- 
cholinesterase peak in the colostrum electrophoresis 
pattern (C3 in Fig. 1). «, 8 andy refer to serum «- B- and y- 
globulin. ¢ refers to fibrinogen. 


hydrolysed butyrylcholine. This component was 
actually identical with the butyrylcholinesterase 
present in low concentration, and was found in 
fractions between «- and £-globulin. The marked 
increase in plasma-arylesterase activity observed 
for some piglets in Expts. II and III (Figs. 4, 5) is 
also illustrated in Fig. 6, which shows the electro- 
phoresis patterns at various stages of life for one of 
the three piglets of Expt. II which had high aryl- 
esterase activity at the time of weaning. It will be 
seen that there was no significant change in the 
mobilities of the two esterase components as a 
function of time. The marked increase in electro- 
phoretic mobility of the butyrylcholinesterase of 
sow’s colostrum during the first day after delivery 
did not occur in the blood plasma of piglets. It 
should be remembered that the cholinesterase 
activity in sow’s plasma was constant during the 
entire lactation period. 

The change in the relative protein composition of 
plasma is also illustrated in Fig. 6. The most 
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striking change was the marked decrease in y- 
globulin concentration from the second day after 
birth, reaching normal adult level at 80 days, and 
the steady increase in albumin concentration 
during the same period. Arylesterase moved 
together with albumin in electrophoresis, and the 
concentration of both these components increased 
gradually during the first 2 months of life. More- 
over, albumin is synthesized in the liver, which 
therefore is probably the organ which synthesizes 
arylesterase. The relative concentration of «- 
globulin also increased during the first week, but 
B-globulin was comparatively constant in relative 
concentration throughout the period studied. 
Fibrinogen was relatively high on the second day 
after birth and then decreased gradually. These 
results for protein composition confirm those 
obtained by Foster et al. (1951) with a conventional 
free-electrophoresis technique and by Nordbring & 
Olsson (1957) with paper electrophoresis. 


DISCUSSION 


Butyrylcholinesterase. The physiological function 
of butyrylcholinesterase in swine plasma is un- 
known, as is that of all cholinesterases in vertebrate 
plasmas. The enzyme is present at birth in the 
plasma of piglets in a concentration which is lower 
than that of the mother’s plasma. It is not possible 
to decide whether the enzyme is transmitted 
through the placenta to the foetus. It is character- 
istic of swine that they have an epitheliochorial 
placental barrier. The transfer of immune globulins 
occurs entirely by the colostral route. The power to 
absorb immune globulins decreases rapidly during 
the first days after birth (Nordbring & Olsson, 
1957). The increase in plasma butyrylcholinester- 
ase activity to the levels found in the mother, on 
the other hand, takes place during a longer period 
of time (2-3 weeks). It is therefore improbable 
that butyrylcholinesterase is absorbed as such 
from colostrum and milk. The enzyme, most 
probably, is synthesized in the piglet itself. 

The physiological function of butyrylcholin- 
esterase of milk is as uncertain as that of the 
plasma. The enzyme may be produced actively by 
the mammary gland, which is known to contain it, 
and this may explain the high concentration in 
milk. Preliminary experiments have revealed that 
the mammary gland of the sow contains the same 
cholinesterase in relatively high concentration 
(639 per 100 mg. of fresh gland was about 400 with 
butyrylcholine) ; the activity was the same as that 
of the nuclei of mammalian brains when tested 
against acetylcholine. The possibility that the 
enzyme is produced in some other organ (e.g. the 
liver) and is secreted into the milk via the blood is 
unlikely, mainly because of its much higher con- 
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centration in milk than in plasma. However, the 
fact that the enzyme is present at birth suggests 
that it is synthesized elsewhere, the pancreas 
being a possible source. The pancreatic juice of dog 
has high cholinesterase activity (McCance, Brown, 
Comline & Titchen, 1951) and the pancreas of 
various animal species has long been known to 
contain cholinesterases (see review by Augustinsson, 
1948). Butyrylcholinesterase is actually present 
in swine pancreas (in low concentration) as was 
demonstrated in some preliminary experiments. 

The same butyrylcholinesterase has also been 
found in parotid-gland saliva obtained from adult 
swine; the activity was 10-20% of that of milk. 
The presence of a cholinesterase in swine saliva has 
been observed previously (McCance et al. 1951; 
Hines & McCance, 1953), and the parotid gland of 
swine has been reported to have a high cholinester- 
ase activity (Glick, Levin & Antopol, 1939), 
Gastric juice of swine does not contain cholin- 
esterase and has no effect on milk butyrylcholin- 
esterase. 

The milk esterase may be synthesized from the 
amino acids of the circulating blood, from the 
amino acids formed from the degradation of blood 
plasma proteins in the mammary gland or from 
plasma proteins by transpeptidation; it is also 
possible that two or all three of these reactions take 
part in the synthesis. A close relation may exist 
between the arylesterase present in high concen- 
tration in certain swine plasmas and _ butyryl- 
cholinesterase of milk; in some cases, for instance, 
the two enzymes were found to move together in 
electrophoresis. An inactive protein (proesterase) 
of blood plasma may be the precursor for the two 
esterases, a transpeptidation of the protein mole- 
cule then giving rise to either arylesterase (probably 
in the liver) or cholinesterase, the latter being 
especially actively produced in the mammary 
gland and less so in the pancreas. It is interesting 
in this connexion to refer to recent observations 
(Staub & Boguth, 1956; Hoerlein, 1957) which 
suggest that partly degraded proteins or poly- 
peptides may be absorbed by the piglets from 
colostrum and milk and later used in protein 
synthesis. 

The butyrylcholinesterase of colostrum, in 
contrast with later milk, was demonstrated to be 
present in two fractions separated by electro- 
phoresis. Experimental evidence was presented 
that the mobility of the enzyme is lowered during 
the first days of lactation. The mobility of the 
faster-moving esterase fraction is the same as that 
of plasma butyrylcholinesterase. Because of 
practical difficulties, prenatal secretion has not 
been available for analysis. This secretion may well 
contain the faster-moving esterase fraction as the 
predominant one. 
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Evidence has been presented recently that 
esterases are localized mainly in the microsomes of 
animal tissues. Milk contains microsomes (Bailie & 
Morton, 1958), which are derived from mammary 
tissue and might serve as a vehicle for the butyryl- 
cholinesterase. It may therefore well be that the 
slower-moving component (C1) represents micro- 
somal esterase and the faster-moving one (C3) 
represents free enzyme. 

Acetylarylesterase. The physiological function as 
well as the natural substrate of the arylesterase of 
swine are unknown. The occurrence of the esterase 
in other tissues except blood has not been investi- 
gated. The natural substrate should be present in 
higher concentration in animals which have a low 
arylesterase activity compared with those having 
a high esterase activity, and consequently the two 
groups of animals might be expected to differ also 
as far as the substrate concentration is concerned. 

The discovery that the piglets of our four litters 
could be separated into two groups, one with high 
and the other with relatively low plasma-aryl- 
esterase activity, is considered by us to give 
suggestive evidence that the biosynthesis of the 
enzyme is gene-controlled, though as yet no 
complete genetic analysis has been performed. 
There is no sex influence upon this synthesis. All 
piglets studied had low activity against phenyl 
acetate at birth, irrespective of high or low activity 
of the parents; less than 3 % of this activity is due 
to arylesterase, the butyrylcholinesterase being 
mainly responsible for it. Therefore diaplacental 
transmission of the esterase does not occur. The 
increase in arylesterase activity in some groups of 
piglets cannot be due to absorption from colostrum 
or milk, because these do not contain this enzyme. 
It has been shown that the enzyme activity appears 
during the first weeks of life and electrophoresis 
shows that the enzyme is closely related to the 
albumins. Since albumin is synthesized by the 
liver it is probable that the liver synthesizes 
arylesterase also. 

The suggested gene-controlled esterase activity 
is to be regarded as one of the first clear examples of 
a direct relation between genes and enzyme in 
higher animals. It has been reported that the 
ability of the blood of some rabbits to hydrolyse 
atropine is inherited as a partially dominant 
character (Sawin & Glick, 1943; Ammon & 
Savelsberg, 1949), and the inheritance of atypical 
forms of human serum cholinesterase (with respect 
to sensitivity to dibucaine) has been discussed 
recently (Kalow & Staron, 1957). In none of these 
cases was experimental evidence presented to 
show that the esterases are direct products of 
gene action. Experimental findings with micro- 


organisms and also with higher animals including 
man have been presented to support the idea that 
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a direct relation does exist between genes and 
enzymes, ‘but in each example alternative and 
equally plausible interpretations are possible’ 
(Wagner & Mitchell, 1955). We are inclined to 
believe that the differences in the power to syn- 
thesize arylesterase of the two groups of piglets 
from one and the same litter (Expts. II and ITT) 
cannot be interpreted otherwise than being due to 
a difference in the genotype of the two groups. The 
variation in enzyme activity must be directly 
related to genetic factors, because all piglets of the 
litter lived together under the same surrounding 
conditions. 

It is important to note that the esterase activities, 
so far observed, can be classified into three or more 
groups: high (500-300), intermediate (250-100) 
and low (35-20) activity. These various groups of 
phenotypes can be produced genetically in several 
ways. Experiments in progress have the aim of 
exploring which type of gene interaction is the most 
likely one. 


SUMMARY 


1. The variation in activity of butyrylcholin- 
esterase of sow’s colostrum and milk, and that of 
acetylarylesterase and butyrylcholinesterase of 
swine blood plasma, have been studied in relation 
to the stage of lactation. 

2. Butyrylcholinesterase activity of colostrum 
and milk declines during the first weeks after 
parturition and then rises, being rather constant 
during the later part of lactation. 

3. The electrophoresis pattern of colostrum is 
characterized by two peaks of high cholinesterase 
activity. The faster-moving component, which is 
identical with the cholinesterase present in blood 
plasma, disappears during the first days of lacta- 
tion. 

4. Butyrylcholinesterase activity of sow’s blood 
plasma is constant during the lactation. The 
activity of the piglets is lower at birth than that of 
their mother and then rises to adult levels during 
the first 2 weeks. 

5. Three types of plasmas, with high, inter- 
mediate and low acetylarylesterase content, are 
found. 

6. Newborn piglets have low plasma-aryl- 
esterase activity irrespective of high activities in 
both or one of the parents. At birth, most of the 
low activity towards phenyl acetate is due to 
butyrylcholinesterase. 

7. The low plasma arylesterase activity is not 
due to the presence of an inhibitor. 

8. Evidence is presented that the power of piglets 
to synthesize acetylarylesterase is gene-controlled. 

9. The increase in plasma arylesterase of some 
piglets during the first weeks of life runs parallel 
with the increase of albumin concentration. 
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10. The implications of these observations are 
discussed. 
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Lactic Dehydrogenase and Cytochrome b, of Baker’s Yeast 
PURIFICATION AND CRYSTALLIZATION 


By C. A. APPLEBY* anp R. K. MORTONT 
Department of Biochemistry, University of Melbourne, Australia 


(Received 21 July 1958) 


Meyerhof (1919) first showed that yeast could 
oxidize lactic acid in the absence of any added 
coenzyme. Bernheim (1928) later extracted 
acetone-dried baker’s yeast with a phosphate 
buffer and, after dialysis, obtained a turbid solu- 
tion which reduced methylene blue in the presence 
of lactate, glycolate and «-hydroxybutyrate. No 
added coenzyme was required. Reduction of both 
methylene blue and heart-muscle cytochrome c by 
a preparation from plasmolysed Delft yeast in the 
presence of lactate was shown by Ogston & Green 
(1935). Boyland & Boyland (1934) and Adler & 
Michaelis (1935) both showed that there was no 
activation of the yeast enzyme by added diphos- 
phopyridine nucleotide or triphosphopyridine 
nucleotide. 

Dixon and co-workers (Dixon & Zerfas, 1939; 
Bach, Dixon & Zerfas, 1942) extensively purified 
the enzyme from autolysates of air-dried baker’s 
yeast. Added methylene blue and heart-muscle 
cytochrome c, and yeast cytochrome c present in 
the extract, were reduced with lactate as substrate. 


* Present address: Division of Plant Industry, C.S.I.R.O. 
Canberra. 

t Present address: Department of Agricultural Chem- 
istry, The Waite Agricultural Research Institute, Univer- 
sity of Adelaide. 


The rate of enzymic reduction of methylene blue 
was proportional to the concentration of a new 
protein haemochromogen which these workers 
called cytochrome b, (Bach, Dixon & Keilin, 1942). 
Bach, Dixon & Zerfas (1946) therefore concluded 
that ‘cytochrome b, forms an essential part of the 
enzyme system, either as the dehydrogenase itself 
or as an essential intermediate carrier between 
lactate and methylene blue’. 

This paper describes the purification and crystal- 
lization of yeast lactic dehydrogenase. This work, 
together with unpublished studies of the enzymic, 
chemical and physical properties of the enzyme, 
was carried out to determine the relationship 
between the dehydrogenase activity and cyto- 
chrome 6,. The results were described at the 
meetings of the Australian and New Zealand 
Association for the Advancement of Science in 
Canberra, 1953, and in Melbourne, 1955, and pre- 
liminary accounts have been published (Appleby 
& Morton, 1954; Morton, 1955a). 


MATERIALS 


pu-Lactate. A.R.-grade pt-lactic acid (British Drug 
Houses Ltd.) was diluted to 25 % (w/v), the lactone hydro- 
lysed by refluxing for 4 hr. and then adjusted to the required 
pH with 8-2n-NaOH and diluted to 2m-concentration. 
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Organic solvents. Technical-grade solvents (Colonial 
Sugar Refining Co. Ltd.) were purified by distillation at 
atmospheric pressure, in each case collecting the fraction 
boiling at the temperature indicated: ethanol [unde- 
natured, 95% (v/v) after refluxing over KOH], 76°; 
acetone (over K,CO,), 56°; butan-l-ol, 115-118°. 

Cytochrome c. This was prepared from either horse heart 
or ox heart according to Keilin & Hartree (1952), except 
that the (NH,).SO, was finally removed by exhaustive 
dialysis against 0-15% NaCl. A copious brown precipitate 
so obtained (see Henderson & Rawlinson, 1956) was re- 
moved by centrifuging. 

Calcium phosphate gel. This was prepared as described by 
Keilin & Hartree (1938) and contained about 15 mg. dry 
wt./ml. 

i. All substrates and other materials were adjusted to 
the required pH with either N-HCl or n-NaOH as necessary. 
A glass electrode was used at room temperature (approx. 
22°). 


METHODS 


Estimation of enzymic activity 


The unit of activity is defined as the amount of enzyme 
which, with excess of pL-sodium lactate, catalyses reduc- 
tion of lymole of potassium ferricyanide (or of another 
specified hydrogen acceptor) in 1 hr. under defined condi- 
tions of pH, temperature and buffer composition. The 
specific activity is expressed as units/mg. of protein. 

Reduction of cytochrome c. The initial rate of enzymic 
reduction at 20° was estimated spectrophotometrically at 
549-5 mp (see below). Cuvettes of 1 cm. light path were 
used in the constant-temperature holder of Dixon (1954). 
Assuming a molar extinction coefficient («) of 27-7 x 10° for 
reduced heart-muscle cytochrome c at 550 my (Margoliash, 
1954), €(reduced—oxidizea) WAS found to be 19-8 x 10%. After 
studies of the pH optimum and the finding of a protective 
effect of ethylenediaminetetra-acetate (EDTA), activities 
were estimated with a reaction mixture (3 ml.) containing 
0-06m-sodium phosphate buffer, pH 7-4, 0-05M-pL-sodium 
lactate, mm-EDTA, pH 7-4, 0-05 mm-oxidized cytochrome c, 
and enzyme. Water replaced cytochrome c omitted from 
the reference cuvette and sodium lactate omitted from the 
control. During initial studies of enzyme purification, the 
following reaction mixture (3 ml.) was used: 0-066Mm- 
sodium phosphate buffer, pH 7-0, 0-33 M-pL-sodium lactate, 
0:02-0:03 mm-oxidized cytochrome c and enzyme. This 
reaction mixture is suboptimum in respect of cytochrome c 
concentration. 

Reduction of potassium ferricyanide. This was measured 
spectrophotometrically at 420 my and at 20° by a similar 
procedure to that used for studies with cytochrome c. At 
420 mp, € for potassium ferricyanide was found to be 
1-04 x 108, whereas potassium ferrocyanide had negligible 
absorption. The reaction mixture (3 ml.) contained 0-03M 
sodium pyrophosphate-HCl buffer, pH 8-0, 0-33Mm-pDL- 
sodium lactate, 0-83 mm-potassium ferricyanide, mm- 
EDTA, pH 8-0, and enzyme. In the initial studies of 
enzyme purification the reaction mixture (3 ml.) contained 
the following: 0-03M-sodium pyrophosphate-acetic acid 
buffer, pH 8-5, 0-33 M-pL-sodium lactate, 0-5 mm-potassium 
ferricyanide and enzyme. 

Reduction of methylene blue. Activity was determined 
anaerobically with Thunberg tubes as described by Bach 
et al. (1946). The stock assay solution contained 40 ml. of 
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0-1m-sodium acetate buffer, pH 5-2, 10 ml. of 0-9m-p1- 
sodium lactate and 10 ml. of 0-5 mm-methylene blue. 
Enzyme (0-1-0-5 ml.), diluted to give a reduction time of 
50-70 sec., was tipped from the hollow stopper into 3 ml. 
of this stock solution and the time for 90 % reduction of dye 
at 20° was estimated visually. For the control, water 
replaced sodium lactate. With crystalline enzyme the 
optimum pH for dye reduction was found to be pH 6-8 and 
the activity was then determined with a reaction mixture 
(3 ml.) containing 0-05m-sodium acetate—0-05Mm-sodium 
phosphate-HCl buffer (pH 6-8), approx. 0-3M-pL-sodium 
lactate, mmM-EDTA, pH 6-8, 0-08 mm-methylene blue and 
enzyme. 

Spectrophotometry and spectroscopy. A Beckman spectro- 
photometer, model DU, Serial no. 61753, was used through- 
out these studies. The wavelength scale was calibrated 
against the emission spectrum of a mercury-discharge 
lamp. Between 226-2 and 656-3 my the scale was within 
the tolerances claimed by the manufacturers (Beckman 
Bulletin no. 89), the greatest errors being at 576-96 mu 
(instrument reading, 576-4 my) and at 491-6 my (instru- 
ment reading 492-0 my). At 546-07 my the reading was 
546-2 mp, but the «-absorption bands of reduced heart- 
muscle cytochrome ¢ (550-0 mu; Margoliash, 1954) and of 
reduced pyridine protohaemochromogen (557-0 mu; Lem- 
berg & Legge, 1949) appeared at 549-5 and 556-5my 
respectively. In this region of the spectrum therefore the 
instrument may have given readings approx. 0-5 my low. 
In view of the uncertainty, however, wavelengths are 
given as directly determined. 

The extinctions of two solutions of acid potassium 
dichromate at the wavelengths of the minima and maxima 
(234-4 and 257-6 my; and 313-2 and 349-7 my) were found 
to be within 0-5 % of the values given by Gridgeman (1951). 

When only small volumes of solutions were available, 
plastic inserts (Martin & Morton, 1956) were used with 
cuvettes of 1 cm. light path to reduce the volume to 1-2 ml. 
All measurements other than under aerobic conditions were 
carried out with Thunberg-type assemblies sealed to 
quartz cuvettes (1 cm. light path). 

Visual observations of absorption bands were made with 
a Sorby-Browning type microspectroscope and a Hartridge 
reversion spectroscope. They were calibrated with a solu- 
tion of reduced heart-muscle cytochrome c (a-band, 
550-0 my; Margoliash, 1954). 

Dialysis. This was carried out in cellulose tubing, the 
contents of the tubing and the diffusate being frequently 
stirred. 

Other determinations 


Dry weight. Enzyme solutions were dialysed against 
water and then dried to constant weight in vacuo over 
P,0, at room temperature. Otherwise, the protein was pre- 
cipitated with 15% (w/v) trichloroacetic acid, and col- 
lected by centrifuging, and washed once with 5% (w/v) 
trichloroacetic acid and dried to constant weight in vacuo 
over P,O, at room temperature. 

Protein nitrogen. This was determined by the Kjeldahl 
method, the ammonium sulphate formed being estimated 
with Nessler reagent (see Morton, 19555). 

Protein. This was determined by the method of Lowry, 
Rosebrough, Farr & Randall (1951), with heart-muscle 
cytochrome c (0-34 % iron) as the reference standard. Later 
comparison with crystalline cytochrome 6, (Appleby & 
Morton, 1954) showed that 0-76 mg. of cytochrome c and 
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1-00 mg. of cytochrome b, gave the same colour, and the 
earlier determinations were adjusted accordingly to obtain 
the amount of cytochrome }, protein. Enzyme solutions 
were diluted with water before determination of protein 
since the lactate and pyrophosphate buffers, in which 
enzyme was usually diluted, inhibited colour development. 


<XPERIMENTAL AND RESULTS 


Preliminary studies 


Stability of the enzyme in yeast extract. Baker’s 
yeast obtained locally was air-dried at room tem- 
perature and ground to a fine powder in a porcelain 
ball mill. A 20 % (w/v) suspension of the powder in 
0-07 m-Na,HPO, was stirred for 30 min. and then 
centrifuged at about 3000 g for 30 min. The cloudy 
supernatant had a lactic dehydrogenase activity 
(with potassium ferricyanide) of about 300 units/ 
ml. and a specific activity of about 15 units/mg. 
Most of the enzymic activity was extracted, where- 
as extracts from fresh or freeze-dried baker’s yeast 
in 0-07M-Na,HPO, had little activity, even after 
autolysis in 0-07M-Na,HPO, at 38° for 18 hr., or 
after freezing at — 15° and slow thawing on several 
occasions. A suspension of fresh yeast (10%, w/v) 
in 0-25M-sucrose containing 0-01M-sodium phos- 
phate buffer, pH 7-4, was shaken with an equal 
volume of Ballotini no. 12 glass beads in a Mickle 
oscillator at 50 cyc./sec. for 30 min. in a cold room 
at 2°. Whereas the extract from a suspension of air- 
dried yeast similarly treated had high activity 
after centrifuging at 15 000 g for 35 min. at 2°, the 
supernatant from the fresh yeast had no activity. 

Over the range pH 5-1—7-0 there was no loss of 
activity, 30 % loss at pH 4-7 and about 50 % loss at 
pH 9-1 when the extracts from air-dried yeast were 
maintained at these pH values for several minutes 
at 10°. There was no purification by these pro- 
cedures. An extract was adjusted to pH 5-1, and 
centrifuged at 3000 g for 30 min. at room temper- 
ature. Less than 25% of the initial activity re- 
mained in the supernatant, showing that most of 
the enzyme was associated with material insoluble 
in 0-07 M-sodium phosphate buffer at pH 5-1. 

Dialysis of the extract against water at 0° for 
about 12 hr. under aerobic conditions caused about 
10% loss of activity. Much greater loss is found 
with purified enzyme. 

Purification with calcium phosphate gel. The 
protection by lactate against heat-denaturation of 
the enzyme (Bach et al. 1946) was confirmed. 
Subsequently considerable purification was ob- 
tained as follows. A 20% (w/v) yeast powder in 
0-1m-sodium lactate at pH 5-8 was heated to 53° 
for 7 min. and centrifuged at 2500g for 1 hr. at 
about 20°. The cloudy extract (300 units/ml.; 
28 units/mg.) was brought to 0-7 saturation with 
(NH,),SO, at pH 7-4 and centrifuged at 20 000g 


for 30min. at about 20°. The supernatant con- 
tained much cytochrome c but no lactic dehydro. 
genase activity and was discarded. The precipitate 
was dissolved in 0-02M-sodium lactate at pH 6-3, 
and dialysed against a large volume of the same 
solution and centrifuged at about 2500g for 
30 min. at about 20°. The precipitate was dis- 
carded. The supernatant (1250 units/ml.; 40 units/ 
mg.) contained some cytochrome c and 6,. Calcium 
phosphate gel was added to 12% (v/v), and after 
20 min. the material was centrifuged at about 
1500 g for 10 min. The precipitate contained much 
cytochrome c but no lactic dehydrogenase activity. 
Calcium phosphate gel was added to the super- 
natant to 25% (v/v), and the precipitate collected 
as before. The yellow supernatant contained no 
cytochromes or lactic dehydrogenase activity and 
was discarded. The pink precipitate was washed by 
suspending and resedimenting, first in water and 
then three times in 0-1M-sodium phosphate, 
pH 6-8, containing 0-05m-sodium lactate. The 
washings, which contained no cytochromes, were 
discarded and the precipitate was treated as 
previously with a solution at pH 7-2 containing 
0-1 m-sodium phosphate, 0-05m-sodium lactate and 
10% (w/v) (NH,).SO,. The first pink supernatant 
(1820 units/ml.; 545 units/mg.) contained no 
detectable cytochrome ¢ but showed strong ab- 
sorption bands of reduced cytochrome B,. A 
second eluate was less active. About 18% of the 
activity of the yeast extract (40 x 104 units) was 
recovered in the eluates. 

Fractionation with organic solvents. Ethanol 
fractionation of extracts of yeast powder in sodium 
phosphate buffer at about — 5° gave some purifica- 
tion but the fractions, dissolved in phosphate 
buffer, rapidly lost activity. When extracts in 
sodium lactate solution were similarly fractionated 
with either ethanol or acetone, and the precipitates 
were dissolved in lactate, substantial purification 
of the enzyme was achieved with good recovery of 
activity. By treatment of the dried yeast with 
butan-l-ol considerable amounts of lipid were 
extracted from the yeast, and the suspensions of 
the butanol-extracted yeast in 0-2 M-sodium lactate 
were readily clarified by centrifuging at about 
3000 g for 30 min. The extracts so obtained had 
improved specific activity as compared with the 
yeast not treated with butanol. Moreover, the 
subsequent fractionation with acetone was con- 
siderably facilitated and gave products of very high 
specific activity. 


Purification of lactic dehydrogenase by 
use of organic solvents 


From the experiments described above, and 
after extensive further studies (Appleby, 1957), the 
following purification procedure was developed. 
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Dried yeast powder (2 kg.) was stirred for 1 hr. at room 
temp. (about 18°) in 71. of butan-l-ol. The smooth sus- 
pension was centrifuged at about 1500g for 15 min. at 
room temp. in a centrifuge of capacity 3-6 1. The butanol- 
saturated yeast was thoroughly dispersed in 101. of a 
solution at pH 5-1 containing 0-1M-sodium lactate and 
0-02 mm-EDTA by vigorous mechanical stirring, forming 
a uniform suspension at pH 6-5. Then 1 1. of butan-1-ol was 
added to ensure saturation with butanol. The suspension 
was stirred mechanically for 2 hr. at room temperature and 
then centrifuged at approx. 2500 g for 30 min. as before, or 
alternatively filtered through a thin layer of Hyflo Supercel 
overlying filter paper (Whatman no. 1) on a large Biichner 
funnel. After centrifuging, the yellow butanol supernatant, 
which contained considerable amounts of phospholipid 
material, and the clear yellow-brown aqueous layer were 
separately collected. Theemulsified material at the butanol— 
water interface and the compact viscous yeast precipitate 
were discarded. 

The combined aqueous extracts (about 61.) were cooled 
to -2°. Acetone at -15° was added slowly with con- 
tinuous stirring (see Askonas, 1951) to 18-20% (v/v). The 
material was maintained at —6° for about 10 min. The 
flocculent precipitate was allowed to settle out for about 
lhr., during which time the temperature of the material 
rose to about -4°. The clear red—brown supernatant was 
then decanted from the brown precipitate. The supernatant 
(at -—6°) was brought to 27-30% (v/v) with acetone at 
-15°, and then held at -8° for 10min. Stirring was 
stopped and a red precipitate was allowed to settle out for 
30 min. The precipitate adhered to the stainless-steel 
container and the yellow supernatant, which contained a 
large amount of flavoprotein, was completely decanted and 
discarded. , 

The red precipitate was dispersed in about 300 ml. of a 
solution at pH 6-8 and at —4° containing 0-12m-sodium 
lactate, 0-02 mm-EDTA and acetone (25 %, v/v). The turbid 
suspension was maintained between -6° and -4° for 
about 30 min. and then was centrifuged at about 1600 g for 
30 min. at — 4°. The clear red supernatant was poured from 
the grey precipitate. For adequate extraction of the 
enzyme thorough dispersal of the precipitate is essential 
and may be facilitated with a Potter-Elvehjem-type homo- 
genizer. If all of the enzyme is not extracted, a pink 
precipitate is obtained after centrifuging, in which case 
re-extraction is necessary. 

The red supernatant was held at — 4° and acetone (about 
5-10 ml.) at — 10° cautiously added until a slight turbidity 
appeared (at about 27%, v/v, of acetone). The grey pre- 
cipitate was removed by centrifuging at about 1500 g at 
-4° for 15 min. and discarded. Upon further addition of 
acetone (usually 15-30 ml., to bring the concentration to 
about 30%, v/v, of acetone) to the red supernatant at — 4°, 
there was a well-defined precipitation of red protein. At 
-4° this active precipitate has a characteristic appearance, 
resembling a red oil. It was collected by centrifuging at 
-4° as before, and the yellow supernatant was discarded. 

The precipitate was dissolved at 0° in a solution at pH 6-8 
containing 0-03m-sodium pyrophosphate, 0-1M-sodium 
lactate and 0-02 mm-EDTA. The viscous deep-red solution 
(40-80 ml.) so obtained was centrifuged at about 25 000 g 
for 15 min. at 0°, and the grey insoluble material discarded. 

At this stage, the solution usually had a specific activity 
of about 600 units/mg. (see Table 1; stage 2c) and showed 
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intense absorption bands of reduced cytochromes (5, and c). 
Separation of the two cytochromes and considerable 
further purification of the lactic dehydrogenase activity 
was achieved by crystallization of cytochrome 6, as 


described below, 


Crystallization of cytochrome b, 


During all subsequent stages, as far as possible 
the enzyme solutions were maintained under 
anaerobic conditions by displacement of air with 
oxygen-free nitrogen, since it was found that 
prolonged dialysis under aerobic conditions caused 
considerable loss of activity. The enzyme solution 
obtained as above was dialysed anaerobically at 0° 
against 41. of a solution at pH 6-8 containing 
0-05m-sodium lactate and 0-01mmM-EDTA. The 
dialysis sac was frequently inverted to ensure 
proper mixing of the viscous contents. This is 
facilitated by inclusion of a glass marble in the sac. 
The dialysate was renewed about every 8 hr. 
After dialysis for 18—24 hr. crystals were observed 
in the dialysis sac. Dialysis was continued for a 
further 12-18 hr., after which the crystals were 
collected by centrifuging the dialysed material at 
about 2500 g for 15 min. at 0°. The red supernatant 
(containing cytochrome c) was removed and the 
coral-pink pellet of crystals of cytochrome b, was 
washed by resuspending in 0-05M-sodium lactate— 
0-01 mm-EDTA, pH 6-8, at 0° and resedimenting 
as before. The crystals were then dissolved at 0° in 
the minimum amount (5-10 ml.) of 0-5m-sodium 
lactate—0-1 mm-EDTA, pH 6-8. The solution was 
centrifuged at 25 000 g for 30 min. at 0°, and the 
water-clear coral-pink supernatant was stored 
anaerobically at — 15°. 

Recrystallization was carried out by redialysis 
of the enzyme solution for 4-12hr. as already 
described. The crystals were collected and washed 
and then dissolved at 0° in 0-5m-sodium lactate— 
0-1 mm-EDTA, pH 6-8. The supernatant obtained 
after centrifuging at 25 000 g for 30 min. at 0° was 
stored anaerobically at — 15°. Under these condi- 
tions, activity is retained for several months. 

A summary of the course of purification in a 
typical preparation as obtained in 1953 is given in 
Table 1. The overall purification of the initial 
extract was about 1300 times with a recovery of 
about 10% of the activity as crystalline enzyme 
with a specific activity (determined under sub- 
optimum conditions) of about 5820 units/mg. of 
protein. 

It is preferable to proceed as described as rapidly 
as possible, without interruption to the process at 
any stage. Crystals are normally obtained between 
24 and 30 hr. after commencement of a prepara- 
tion. Over 50 batches of crystals have been 
prepared since this procedure was developed in 
1953. 
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Table 1. Summary of the purification and crystallization of lactic dehydrogenase (cytochrome bz) 


Activities were determined with potassium ferricyanide at pH 8-5* as described under Methods. Protein was estimated 


from protein N x 6-25. Details of the purification procedures are given in the text. 


Lactic dehydrogenase activity 





re i. 
Total % of 
Volumet Protein units original 
Stage Purification procedure (ml.) (mg./ml.) Units/ml. Units/mg. (x 10-%) extract 
l(a) Lactate extract of butanol- 3150 14-9 690f 46 2180 100 
treated yeast 
(b) Ppt. with 20% (v/v) acetone 140 55 6 180f 112 860 40 
at —6°: (discarded) 
(c) Ppt. with 30% (v/v) acetone 330 § § — —- — 
at —6°: Resuspended in 
300 ml. of 0-12 mM-sodium 
lactate (pH 6-8)-25% (v/v) 
acetone at —4°, and centrifuged 
2(a) Ppt. from stage 1c: (discarded) 32 18-4 9 450 514 302 14 
(6) Ppt. from the supernatant 21 4 220 201 38 2 
from stage lc brought to 27% 
(v/v) acetone: (discarded) 
(c) Ppt. from supernatant stage 2b 40 40 24 000 600 960 Ad 
brought to 33% acetone 
3(a) Crystals by dialysis of ppt. 11-5 3-4 19 800 5820 228 10 
from stage 2c 
(6) Mother liquor from stage 3a: 75 13-1 1 390 106 104 5 


(discarded) 


* These conditions of assay were suboptimum, as discussed in the text. 
+ Other than for the initial extract, these represent volumes of material dissolved in 0-2M-sodium lactate. 
t These activities are not corrected for non-enzymic reduction of potassium ferricyanide, and may be about 40% 


higher than the true enzymic activities. 
§ Not determined. 





Fig. 1 shows a photomicrograph of the crystals, 
as obtained after rapid recrystallization. As 
viewed with a light microscope, the crystals appear 
as four-sided plates (when flat) and as narrow 
needles or rectangles (when edge-on). Examination 
under polarized monochromatic light (589-6 my) 
showed an axis of asymmetry and it is probable 
that the crystals belong to a tetragonal system, 
being formed as shallow bi-pyramids. 


Spectroscopic observations during purification 


During the purification of the enzyme with 
calcium phosphate gel as already described, lactate 
solutions of enzyme preparations of specific acti- 
vities of about 250 units/mg. and higher all showed 
absorption bands at 556 and 527 mu. These are the 
positions of the «- and f-bands respectively of 
reduced cytochrome b, as described by Bach e¢ al. 
(1946). The most active preparation obtained by 
this method contained 545 units/mg. and in sodium 
lactate showed maxima at 556, 527 and 423 mp, 
with extinction values of 0-146, 0-100 and 0-788. 
Comparison with crystalline cytochrome b, (Appleby 
& Morton, 1954, and in preparation) shows that 
this preparation was substantially free of other 
haem pigments, such as cytochrome c. 

The red enzymically-active precipitates obtained 





with organic solvents all showed the absorption 
bands of reduced cytochrome 6b, and cytochrome c. 
Much of the cytochrome c extracted from the yeast 
by the sodium lactate was removed with the bulky 
precipitate obtained with 20% (v/v) acetone 
(Table 1, stage 1b). The cytochrome c¢ which 
remained in association with the cytochrome b, at 
stage 2c (Table 1) stayed in the mother liquor when 
the cytochrome b, crystallized. Recrystallization 
removed all detectable traces of cytochrome c from 
the cytochrome },. 

As pointed out by Bach et al. (1946), intensity of 
the cytochrome b, absorption bands is useful as an 
indication of activity during purification of the 
lactic dehydrogenase. 


Activities with potassium ferricyanide, 
methylene blue and cytochrome c 


The activity with each hydrogen acceptor was 
measured during the preliminary studies and at 
several stages of the purification with organic 
solvents. The relative activities with potassium 
ferricyanide, methylene blue and _ heart-muscle 
cytochrome c¢ remained substantially the same 
throughout and, as shown in Table 2, was very 
similar for an extract of yeast powder in 0-15m- 
NaCl and for the crystalline protein. 
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Fig. 1. Crystals of yeast lactic dehydrogenase (cytochrome b,). Photograph with direct illumination. 
Recrystallized material. As shown, x 750. 
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OF BAKER’S YEAST 
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Table 2. Activities of a yeast extract and of crystalline lactic dehydrogenase with different hydrogen acceptors 
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A suspension (20%, w/v) of dried yeast was extracted with 0-15m-NaCl at 38° for 1 hr. and centrifuged at 100 000 g for 
Lhr. at about 5°. The activities of the clear supernatant (2-6 mg. of protein N/ml.) were determined at room temperature 
(18-20°) as described under Methods except that the sodium diethyl barbiturate-sodium acetate—HCl buffer of Michaelis 
(1931) was used with each acceptor. Activities of the crystalline enzyme were determined as described under Methods, in 
each case the assay system containing EDTA being used. Unless otherwise indicated, the pH values are optimum for each 


system used. : MB 
5 Lactic dehydrogenase activities 


"i 7 r ate i " 











Hydrogen acceptor Yeast extract Crystalline enzyme 
cm A. A ~ AN _ 
Concn. Relative Relative 
(mm) pH Units/ml. Units/mg. activity pH Units/mg. activity 
Potassium ferricyanide 0-5 8-4 580 36 100 8-0 7750 100 
Heart-muscle cytochromec 0-02 6-0 107 6-6 18 7-0* 1730 22 
0-05 -—— oe -- a 7-4 5870 76 
Methylene blue 0-08 5-2 48 2-9 8 (16)f  5-2* 1030 13 (26)+ 
— a oe men 68 2025 26 (52)t 


* These pH values are suboptimum. 


+ Figures in parentheses represent the relative activity on the basis of the transfer of one hydrogen atom/mole. 





Table 3. Specific activity of yeast lactic dehydrogenase after recrystallization 


The enzyme was recrystallized on each occasion by dissolving the crystalline material in 0-3m-sodium lactate, pH 6-8, 
and dialysing anaerobically against 0-05m-sodium lactate, pH 6-8. Activities were determined with potassium ferricyanide 
with buffer at pH 8-0 as described under Methods. (EDTA was omitted from the dialysis fluid and the assay system.) 
Protein was estimated by the method of Lowry et al. (1951) as described under Methods. 


10-4 x Lactic dehydrogenase activity 
A 





+ 


No. of Volume Protein Total Recovery 
crystallizations (ml.) (mg./ml.) Units/ml. Units/mg. units (%) 
1* 51 6-5 4-41 0-68 225 100 
2T 45 5-2 4-20 0-81 189 84 
3t 28 7-9 5-45 0-69 153 68 
+ — 7-25 4-72 0-65 — _— 
5 — 10-5 5-30 0-50 — _ 


* Initial material was pooled first crystals from a number of preparations. 
+ Approx. 1390 units/ml. (total 14 x 10* units) and 1080 units/ml. (total 9-3 x 10‘ units) were found in the mother liquors 


at the second and third crystallizations respectively. 





The activity with potassium ferricyanide of 
well-washed crystals is substantially the same after 
recrystallization several times (Table 3). The 
erystalline enzyme is somewhat unstable. Maxi- 
mum activity was determined by diluting 50 pl. of 
a suspension of crystalline material (in 0-05mM- 
sodium lactate containing 0-01 mm-EDTA, pH 6-8) 
into 5 ml. of de-aerated 0-5m-sodium lactate con- 
taining 0-1 mm-EDTA, pH 6-8, and rapidly deter- 
mining activity at 20° at pH 8-0 as described under 
Methods. A similar dilution of the original enzyme 
sample was made in water, and protein was esti- 
mated in this diluted material by the method of 
Lowry et al. (1951), as described in the Methods 
section. A specific activity of 7750 units/mg. of 
protein was obtained. The specific activities of 
different batches of enzyme (crystallized once) 
ranged from 5820 to 7750 units/mg. of protein. The 
variation partly reflects the experimental difficulties 
in handling the highly active enzyme preparations. 
A batch of twice-crystallized enzyme gave an 


32 








activity of 6620 units/mg. dry wt., as determined 
directly, and 6550 units/mg. of protein as estimated 
from protein N x 6-25 (see under Methods). 
Instability of the enzyme is particularly ap- 
parent after repeated crystallization (see Table 3). 
The crystalline enzyme is rapidly inactivated by 
oxygen. A solution of oxidized enzyme was pre- 
pared by dissolving the reduced crystalline 
material in 0-5M-NaCl containing 0-1 mm-EDTA, 
pH 6-8, and exposing to air for a few minutes. The 
pink solution changed to brown, indicating oxid- 
ation of the cytochrome. Oxidized solutions so 
obtained rapidly lost activity, even if retained at 
— 15°. This loss was greater in the absence of EDTA. 


DISCUSSION 


With purification procedures based on those of 
Bach et al. (1946) it was confirmed that the lactic 
dehydrogenase activity and cytochrome b, concen- 
tration of yeast extracts were closely related 
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(Bach et al. 1942, 1946). Boeri, Cutolo, Luzzati & 
Tosi (1955) have reported similar findings. This 
relationship could have arisen from a failure to 
separate two distinct proteins. Therefore an 
entirely different purification procedure was de- 
veloped. This led to the crystallization of cyto- 
chrome b, (Appleby & Morton, 1954). 

The intracellular localization of lactic dehydro- 
genase in yeast cells is not known. Attempts to 
extract the enzyme from fresh, frozen and thawed 
or from freeze-dried yeast were unsuccessful. 
Nossal, Keech & Morton (1956) found that much of 
the lactic dehydrogenase activity of baker’s yeast 
was sedimented between 5000 and 25 000g with 
a@ particulate fraction from disrupted cells. This 
may indicate that the enzyme is associated with 
insoluble lipoprotein material, from which it is 
released by air-drying. 

In principle, the purification method involves: 
(1) modification of cellular association of the 
enzyme by air-drying of yeast; (2) extraction of 
lipid material with butan-1l-ol; (3) fractionation of 
a lactate extract of the yeast with acetone at low 
temperature; (4) crystallization at low ionic 
strength. The treatment of yeast and lactate 
extracts with butan-l-ol (see Morton, 1950, 1955c) 
is not essential to bring the enzyme into aqueous 
solution but it considerably facilitates subsequent 
purification. The acetone fractionation of the 
lactate extract is carried out at quite high ionic 
strength, whereas low ionic strength is usually 
found to be essential to prevent denaturation of 
enzymes during fractionation with organic solvents 
(see Askonas, 1951). The extraction of the enzyme 
from a precipitate obtained with acetone (27-30 %, 
v/v) into 25% (v/v) acetone—lactate (Table 1, 
stage 2a) undoubtedly is a highly selective purifica- 
tion procedure. The solubility of the enzyme in 
25 % (v/v) acetone probably depends on the higher 
concentration (0-12m) of sodium lactate in the 
extracting solvent, since the sodium lactate con- 
centration at the prior precipitation with acetone is 
about 0-07mM, owing to dilution of the lactate 
extract of the yeast with acetone. 

The protection of the enzyme by its substrate 
during the fractionation appears to be essential. 
Chelation of inhibitory metals (such as copper) by 
EDTA, which partially protects -cainst the harm- 
ful effects of oxygen, is also valuable during puri- 
fication. Boeri et al. (1955) have also used EDTA in 
purification and assay procedures for this enzyme. 

The unusual crystallization procedure reflects the 
relative insolubility of the material at low ionic 
strength and at acid pH values. In 0-25m-sodium 
lactate, the enzyme is slightly soluble (4 mg./ml.) 
at pH 6-8 but quite insoluble at pH 5-0. Some 
poorly formed crystals have been obtained by 
dialysis at lower pH values than 6-8. However, 
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such preparations usually contain much amorphous 
material and have relatively low activity. Pro. 
longed dialysis of the crystalline enzyme also may 
cause formation of amorphous material and 4 
corresponding fall in the specific activity of the 
enzyme. There is about a tenfold increase of specific 
activity on crystallization (Table 1) and this 
remains relatively constant during several re. 
crystallizations (Table 3). 

When tested at the appropriate pH optima, the 
relative rates of reduction of potassium ferri- 
cyanide, heart-muscle cytochrome c and methylene 
blue remained relatively constant during purifica- 
tion of the lactic dehydrogenase activity (Table 2, 
and Appleby & Morton, 1954). In the earlier work 
of Bach et al. (1946) it was found that the relative 
rate of reduction of cytochrome c as compared with 
that of methylene blue was considerably less in 
more purified as compared with crude preparations 
of the enzyme. These findings were probably due to 
the use of the same pH value for estimating the 
activity with cytochrome ¢ and with methylene 
blue. The optimum pH values for reduction of these 
hydrogen acceptors differ considerably and change 
somewhat during purification (Table 2, and Appleby 
& Morton, 1954). Moreover, the activity with 
heart-muscle cytochrome c is markedly dependent 
on the concentration of cytochrome c (Table 2). 
The activity of the crystalline enzyme with 
0-05 mm-cytochrome c is 5870 units/mg. of protein 
(Table 2). At saturation with cytochrome c and at 
the optimum pH with this acceptor therefore the 
activity would be expected to be similar to that 
obtained at the optimum pH and at saturation 
with potassium ferricyanide (7750 units/mg. of 
protein, Table 2). The activity previously reported 
by Appleby & Morton (1954) (1800 units/mg. of 
protein) was obtained at low concentration 
(0-02 mm) of cytochrome c, and in the absence of 
EDTA. The enzyme purified from yeast by Boeri 
et al. (1955) by adsorption and salting-out pro- 
cedures (see Bach e¢ al. 1946; Dixon, 1955) also 
reacts with the three hydrogen acceptors. How- 
ever, from the results obtained by Boeri et al. 
(1955) and by Boeri & Tosi (1956), it appears that 
the best activities obtained by these workers were 
3650, 3660 and 580 units/mg. of protein, as com- 
pared with 7750, 5870 and 2025 units/mg. of 
protein for the crystalline cytochrome b,, as 
estimated with potassium ferricyanide, heart- 
muscle cytochrome c and methylene blue re- 
spectively (Table 2, and Appleby & Morton, 1954). 

No attempts were made to obtain crystals by 
salting-out procedures. The enzyme is stable to 
ammonium sulphate precipitation, but treatment at 
high ionic strength partially dissociates the deoxy- 
ribopolynucleotide (see Morton, 1955a, 1958; 
Appleby, 1957) which is integrally associated with 
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the crystalline enzyme. Yamashita et al. (1957) have 
obtained from yeast an enzymically inactive haemo- 
protein with an absorption spectrum resembling that 
of cytochrome b,. This haemoprotein was obtained 
as extremely slender needle-like crystals by salting 
out with ammonium sulphate. The properties of the 
material of Yamashita et al. (1957) and of theenzyme 
preparation of Boeri e¢ al. (1955) will be compared 
with the properties of the crystalline cytochrome b, 
of Appleby & Morton (1954, and this paper) in 
subsequent papers in this series. Morton (1958) has 
recently reviewed the properties of cytochrome b,. 


SUMMARY 


1. Lactic dehydrogenase was partially purified 
from extracts of baker’s yeast by selective heat- 
denaturation of proteins, salting-out and ad- 
sorption and elution from calcium phosphate gel. 
A close relationship between the enzymic activity 
and the concentration of cytochrome 6, (Bach 
et al. 1946) was observed. 

2. The cytochrome b, and lactic dehydrogenase 
activity were purified together by treatment of air- 
dried yeast with butan-l-ol, fractionation of 
butanol-saturated extracts of yeast in sodium 
lactate with acetone at low temperature and 
crystallization by anaerobic dialysis at 0° against 
0:05m-sodium lactate—0-01 mm-ethylenediamine- 
tetra-acetate, at pH 6-8. 

3. The coral-pink crystals of the flavohaemo- 
protein (Appleby & Morton, 1954) probably belong 
to a tetragonal system. The lactic dehydrogenase 
activities of the crystals, expressed as pmoles of 
hydrogen acceptor reduced/hr./mg. of protein at 
20° were as follows: with 0-5 mm-potassium ferri- 
cyanide, 7750; with 0:05 mm-heart-muscle cyto- 
chrome c, 5870; with 0-08 mm-methylene blue, 
2025. These activities are substantially greater than 
those described for yeast lactic dehydrogenase as 
purified by other workers. 


Dr M. Dixon, F.R.S., suggested this investigation to one 
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University of Cambridge, and continued at the University 
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Mr E. Matthaei and to Dr C. M. Tattam, both of the 
University of Melbourne, for taking the photographs and 
for determining the crystallographic properties of the 
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The Biochemistry of Epithelia 
HYDROLYTIC ENZYMES OF HUMAN BRONCHIAL EPITHELIUM 


By B. SPENCER* 
Division of Cancer Research, Washington University School of Medicine, St Louis, Mo., U.S.A. 


(Received 11 August 1958) 


A quantitative study of human bronchial and 
tracheal epithelia from smokers and non-smokers 
has been undertaken in this Laboratory as part of 
an investigation into the role of the smoking habit 
in the aetiology of bronchiogenic carcinoma. 
Briefly, the plan of study was to measure various 
enzymes and substances in epithelia removed at 
autopsy from the trachea and bronchus of males 
over the age of 40 years and to correlate the 
findings with the clinical record and smoking habit 
with the view to the recognition of precancerous 
biochemical lesions which could be associated with 
smoking. 

There is little information in the literature about 
the quantitative aspects of the enzyme activities of 
bronchial or tracheal epithelium and most of the 
qualitative information has been derived from 
histochemical studies. A study has therefore been 
made of certain hydrolytic activities of bronchial 
epithelium and, from consideration of the kinetics 
of the reactions and effects of inhibitors, it has been 
possible, in some cases, to characterize the enzymes 
responsible and to choose conditions of assay under 
which the hydrolysis of certain esters can be 
attributed to particular enzymes. Before routine 
assays of these enzymes could be undertaken, 
several important investigations were considered 
to be necessary to place the study on as unequi- 
vocal a basis as possible. 

The epithelium of human trachea and bronchus 
is of the pseudostratified variety, in which four 
types of cell can be recognized: basal, intermediate, 
ciliated and goblet (Miller, 1932). In the normal 
epithelium of adult males these cells occur in the 
approximate ratio of 1-6 (basal) : 0-2 (intermediate) : 
0-4 (goblet):1-0 (ciliated) (Spencer, 1958), but 
significant variations of this pattern occur (ef. 
Chang, 1957; Ide, Suntzeff & Cowdry, 1959) and 
basal-cell hyperplasia, transitional and squamous 
epithelia and carcinoma in situ are frequently seen. 
The occurrence of these atypical epithelia is greater 
in smokers than in non-smokers (Chang, 1957; 
Auerbach et al. 1957a; Auerbach et al. 19576; 
Auerbach et al. 1956). Metaplastic changes also 
frequently occur in pneumonia and other chronic 
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pulmonary disease (Valentine, 1957; Ide et al. 
1959) and in uraemia (Sanderud, 1956). The bio- 
chemical composition of epithelial samples might 
be expected to reflect these variations in cell popu- 
lation and a cytological basis for the expression of 
chemical entities was considered desirable for 
adequate interpretation of the results of the pro- 
posed routine analyses. Accordingly, a method of 
preparation of epithelial samples was. devised 
(Spencer, 1958) in which the epithelial cells were 
removed from the specimen into suspension in 
0-25M-sucrose containing 0-01 M-ethylenediamine- 
tetra-acetic acid. The cytological composition of 
such preparations could be readily and accurately 
assessed and the method was suitable for. the 
routine collection of a large number of specimens, 
The amount of material obtained as a routine 
procedure consisted of 1-2 ml. of a cell suspension 
removed from 2 cm.? of bronchus or trachea and 
contained about 5-7 x 10® cells. Contamination 
with superficial mucus and connective tissue was 
negligible. Immediately after removal the samples 
were distributed among a number of small tubes in 
10 or 40,1. portions and stored at —20° until 
required for assay (Spencer, 1958). 

This method of obtaining epithelial samples 
possessed many advantages but at the same time 
introduced several factors of unknown importance. 
First, although the epithelial samples were re- 
moved from human trachea and bronchus and 
frozen within 6hr. after death, post-mortem 
changes in enzyme activities may have occurred. 
Secondly, the effect of storage at —20° on the 
various enzymes required investigation. Finally, 
to preserve the integrity of the goblet cells and to 
help in the separation of cells for counting purposes 
0-01 m-ethylenediaminetetra-acetic acid was in- 
corporated into the medium used for the removal of 
the epithelium (Spencer, 1958), and the effect of 
the sequestering agent on the enzymes had to be 
assessed. This paper describes these various in- 
vestigations. 


EXPERIMENTAL 


Substrates. _Monopotassium p-nitrophenyl sulphate 


(NPS) was prepared by the method of Burkhardt & 
Lapworth (1926) and dipotassium 2-hydroxy-5-nitrophenyl 
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sulphate (nitrocatechol sulphate, NCS) was freed from 
impurities by recrystallization of the monopotassium salt 
(Dodgson & Spencer, 1956). Ribonucleic acid (RNA) 
(Schwarz) was dialysed against distilled water for 2 days, 
concentrated by freeze-drying, precipitated with ethanol 
and dried in vacuo over P,0;. Disodium p-nitrophenyl 
phosphate (NPP), disodium adenosine triphosphate (ATP), 
adenosine 5-phosphoric acid (AMP) and phenolphthalein 
glucosiduronic acid were purchased from Sigma Chemical 
Co. 
Methods 

Reactions were carried out in tapered tubes, 50 mm. 
long, internal diam. 3 mm., or in round-bottomed tubes, 
50 mm. long, internal diam. 4-5 mm. Tubes were capped 
with Parafilm and mixing was achieved by ‘buzzing’, i.e. 
holding against a flattened nail rotating at approx. 
2000 rev./min. Solutions were delivered with Lang—Levy 
pipettes (Lowry, Roberts, Leiner, Wu & Farr, 1954a). 
Spectrophotometer readings were made in microcells of 
1 cm. path length (Lowry & Bessy, 1946) in a Beckman DU 
spectrophotometer equipped with photomultipliers. 

Cell suspensions. Epithelial-cell suspensions from human 
bronchii removed at autopsy within 6 hr. after death were 
made up in 0-25m-sucrose as previously described (Spencer, 
1958) and 0-01M-ethylenediaminetetra-acetic acid (EDTA) 
was incorporated only in specified instances. All enzyme 
material was frozen and stored at -20° until required. 
Enzyme determinations were carried out in duplicate with 
duplicate controls in which epithelial-cell suspensions and 
buffer-substrate were incubated separately and then com- 
bined immediately before cooling to 0° and the addition of 
the agent was used to stop the enzyme action. 

Non-specific phosphomonoesterases. The epithelial-cell 
suspension (10ul.), contained in a round-bottomed tube, 
was cooled to 0° and 40ul. of buffer containing NPP and 
sometimes MgCl, at the same temperature was added. 
After incubation at 38° for the requisite period the tubes 
were replaced in the bath at 0° and 200,l. of 0-2n-NaOH 
was added. The solutions were mixed by ‘buzzing’ and the 
amount of p-nitrophenol liberated was measured at 
400 my (€499 for p-nitrophenol, 18 200). In experiments at 
acid pH the buffer used was 0-2m-sodium acetate-acetic 
acid and incubation was for 30 min. At alkaline pH the 
buffer was 0-2M-2-amino-2-methylpropan-1l-ol-0-2N-HCl 
and a 1 hr. incubation period was employed. 

5’-Nucleotidase and adenosine triphosphatase. The ortho- 
phosphate split off from AMP or ATP was measured by the 
method of Lowry, Roberts, Wu, Hixon & Crawford (1954). 
The epithelial-cell suspension (10yl.), contained in a 
tapered tube, was cooled at 0° and 10 yl. of 0-1M-histidine 
hydrochloride-0-1n-NaOH buffer containing AMP or ATP 
and sometimes MgCl, was added. After mixing the con- 
tents, the tube was capped with Parafilm, incubated at 38° 
for 1 hr. and then cooled at 0°. Protein was precipitated 
with 25 % (w/v) trichloroacetic acid (4 yl.) and, after centri- 
fuging at 0°, a 20ul. portion of the clear supernatant was 
mixed promptly and thoroughly with 200yl. of molybdate- 
ascorbic acid reagent. The absorption at 870 my was 
measured after 15-45 min. under the conditions suggested 
by Lowry et al. (1954a) and compared with orthophosphate 
standards prepared at the same time. 

Ribonuclease. The method used was a scaled-down 
version of the Strauss (1956) modification of the Schneider— 
Hogeboom method. To 10yl. of epithelial-cell suspension in 
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a tapered tube at 0° was added 40yl. of 0-5m-acetate— 
borate-cacodylate buffer containing RNA. After incuba- 
tion at 38° for 1 hr. the tubes were cooled to 0° and 20 yl. of 
20% (w/v) trichloracetic acid containing 0-75% of uranyl 
acetate was added. The tubes were centrifuged, 10 yl. of the 
clear supernatant was diluted with 80 yl. of water and the 
absorption at 260 mp measured. The ribonuclease activity 
was arbitrarily expressed in the extinction readings ob- 
tained in this manner. 

B-Glucuronidase. To 10yl. of the epithelial-cell suspension 
in a tapered tube kept at 0° was added 10yl. of 0-2m- 
sodium acetate-acetic acid buffer containing phenol- 
phthalein glucosiduronic acid. After incubation at 38° for 
1 hr. the tube was cooled to 0° and 50yl. of glycine—NaCl- 
Na,CO, mixture at pH 10-7 (Kerr & Levvy, 1951) was added. 
The tube was centrifuged and the absorption of the super- 
natant measured at 550 my (¢;;9 for phenolphthalein, 
26 600). 

Arylsulphatases A plus B and arylsulphatase C. To 40 pl. 
of epithelial suspension in a tapered tube was added 40 pl. 
of 0-2m-sodium acetate-acetic acid containing NCS (for 
arylsulphatases A plus B) or 40yl. of 0-2M-2-amino-2- 
hydroxymethylpropane-1:3-diol (tris)—0-2 N-HCl containing 
NPS (for arylsulphatase C), both solutions being at 0°. 
After incubation at 38° for 1 hr. the tubes were cooled to 
0°, 40ul. of N-NaOH was added and the tubes were centri- 
fuged. The absorption at 515 my (NCS as substrate; ¢,,, for 
nitrocatechol, 12 400) or at 400 mp (NPS as substrate; €4o9 
for p-nitrophenol, 18 200) was measured. 

Nitrogen. The method of Nyyar & Glick (1954) was 
adapted for use with 10. portions of epithelial-cell sus- 
pensions in 7mm.x70mm. tapered tubes. After the 
addition of 40 ul. of 1-25n-NaOH and mixing, the tube was 
allowed to stand at room temperature for 1 hr. before the 
addition of 125yl. of the colour reagent. The contents of 
the tube were mixed and then centrifuged. To 100 yl. of the 
clear supernatant was added 1 ml. of 0-1n-NaOH and the 
absorption at 580 my measured (£,). A blank determina- 
tion (Z,) in which 10yl. of water was substituted for the 
tissue suspension was also carried out. To calculate the 
protein-nitrogen content of the tissue suspension the 
E,-E, value was multiplied by a factor obtained by 
correlation with the micro-Kjeldahl nitrogen determination 
on trichloracetic acid precipitates of representative larger 
epithelial samples. 


RESULTS 


Non-specific phosphomonoesterases. Maximum 
activity towards p-nitrophenyl phosphate was 
shown at pH 4-3 in 0-2m-acetate buffer at a sub- 
strate concentration of 0-01M, and at pH 10-3 and 
0-006 m-substrate in 0-2M-2-amino-2-methyl-1-pro- 
panol—HCl buffer (Fig. la). The shape of the pH 
curve on the acid side of neutrality was unaffected 
by 5 mm-Mg?+ ions (cf. Lowry et al. 1954b). The 
activity at pH 4-3 did not alter in the presence of 
5 mm-Mg?+ ions or 0-5 % formaldehyde (cf. Abul- 
Fadl & King, 1948), but was completely inhibited 
by 0-01M-fluoride and 80% inhibited by 0-01m- 
potassium sodium tartrate (cf. Abul-Fadl & King, 
1949), and would therefore appear to be due to a 
phosphomonoesterase ITI (cf. Roche, 1950) similar 
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to prostatic acid phosphatase. The activity at 
pH 10-3 was Mg*+ ion-dependent and a concentra- 
tion of 3 mm-MgCl, in the incubation mixture was 
required for full activity. This activity is that of a 
phosphomonoesterase I or alkaline phosphatase 
(cf. Roche, 1950). The optimum pH of alkaline 
phosphatase from various species is usually quoted 
as being between 9-2 and 9-6 when f-glycerophos- 
phate is the substrate, but with NPP as substrate 
the optimum pH appears to be more alkaline; for 
example, the optimum pH for rabbit brain is 10-0 
(Lowry et al. 19546) and for human serum 10-0-10-1 
(Bessy, Lowry & Brock, 1946). 

5’-Nucleotidase. In the presence of 5 mm-Mg?+ 
ions and in 0-1M-histidine hydrochloride-NaOH 
buffer, bronchial epithelium shows a low activity 
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Fig. 1 (a). pH-activity curve for bronchial epithelium 
acting on NPP. A, In 0-2m-sodium acetate-acetic acid 
buffer and 0-01M-NPP; A, in 0-2M-2-amino-2-methy]l-1- 
propanol-HCl buffer and 0-006mM-NPP. (6) pH-activity 
curve of bronchial epithelium acting on 2-5 mm-ATP in 
0-Im-histidine hydrochloride-NaOH buffer. (, In the 
absence of Mg?* ions; O, in the presence of 5 mm Mg?+ 
ions. (c) pH-activity curve for bronchial epithelium 
acting on 0-0lM-adenylic acid in 0-1M-histidine—HCl 
buffer. ©, In the absence of Mg*+ ions; [, in the 
presence of 5 mm-Mg*+ ions, 
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towards 0-01M-adenylic acid, which is fairly con- 
stant over the pH range 3-5-10-5 (Fig. 1c). In the 
absence of Mg**+ ions maximum liberation of ortho- 
phosphate is observed below pH 6-5 and is neg- 
ligible above pH 8-0. The activity at pH 4-5 is 
totally inhibited by 0-01 M-fluoride, 85 % inhibited 
by 0-O0lM-tartrate and unaffected by 05% 
formaldehyde and 5mm-EDTA. These facts are 
consistent with the explanation that the specific 
5’-nucleotidase activity of the epithelium, which 
would be expected to have optimum activity 
around pH 7:8 (cf. Reis, 1951), is low and is largely 
masked in the assay in vitro by the non-specific acid 
and alkaline phosphatases (cf. Fig. 1). 

Adenosine triphosphatase. In the presence of 
5 mm-Mg**+ ions and in 0-1M-histidine hydro- 
chloride-NaOH buffer, bronchial epithelium shows 
maximum activity for the liberation of orthophos- 
phate from 2-5mm-ATP at pH 9-6 with an in- 
flexion at pH 7-5 (Fig. 1b). In the absence of added 
Mg?* ions the activity above pH 7-5 drops consider- 
ably and maximum activity is actually obtained at 
pH 7-5 (Fig. 1). When 5 mm-EDTA is present the 
activity at high pH drops markedly and a single 
peak at pH 7-7 is seen. These facts could be ex- 
plained on the assumption that the activity at 
high pH is due to the non-specific alkaline phos- 
phatase and that the activity at. pH 7-7 in the 
presence of EDTA is due to a specific ATPase. 
However, the action of epithelial-cell suspensions 
on ATP for 3hr. at pH 7-7 led to the release of 
more than 1 mole of orthophosphate/mole of ATP 
and, under the same conditions, 27 % and 10% of 
of the orthophosphate of 0-01 m-adenosine diphos- 
phate (ADP) and AMP respectively was liberated. 
The complexity of the breakdown of ATP by 
crude tissue extracts is well recognized (cf. Novikoff, 
Hecht, Podber & Ryan, 1952) and it seems probable 
that the release of orthophosphate from ATP by 
human bronchial epithelial suspensions at pH 7:7 
is the combined action of several enzymes. 

Ribonuclease. The presence of alkaline and acid 
ribonucleases in rat liver has been reported (de 
Lamirande, Allard, da Costa & Cantero, 1954; 
Roth, 1953), but the pH curve obtained for the 
ribonuclease activity of human bronchial epi- 
thelium (Fig. 2), with a RNA concentration of 
100 ng./50 vl. of incubation mixture, gave no 
indication that more than one enzyme was present. 
However, the substrate-concentration curve (Fig. 3) 
at the optimum pH, 6-3, showed a marked dis- 
continuity, suggesting that two enzymes, with 
optimum substrate concentrations in the region of 
40 and 600 yg. of RNA/50 pl. of incubation mixture, 
might be present. The pH curve was therefore 
repeated at these two substrate concentrations 
(Fig. 2). At the low RNA concentration a new 


peak at pH 5-7 appeared with an associated plateau 
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around pH 7-3, whereas at the high RNA concen- 
tration only a single peak at pH 7-3 was observed. 
These two peaks indicate the presence in human 
bronchial epithelium of two ribonucleases possess- 
ing similar optimum substrate concentrations to the 
acid (optimum pH 5:8) and alkaline (optimum 
pH 8-2) ribonucleases of rat liver (de Lamirande 
et al. 1954). 

B-Glucuronidase. Optimum activity towards 
phenolphthalein glucosiduronic acid in 0-1M- 
acetate buffer was observed at pH 5-2 and at a 
substrate concentration of 3mm (Fig. 4). The 
inflexion in the pH curve at pH 4-5 is reminiscent 
of the multiple pH optima reported for ox spleen 
(Mills, Paul & Smith, 1953). 

Arylsulphatases. All human tissues so far tested 
contain three different arylsulphatases, A, B and C 
(Dodgson, Spencer & Wynn, 1956), which can be 
differentiated by their relative substrate specifi- 
cities, behaviour towards inhibitors, localization 
within the cell and ease of solubility (Spencer, 
1956). Bronchial epithelium is no exception. 


we is Se 
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Fig. 2. pH-activity curves for bronchial epithelium acting 
on RNA in 0-5M-acetate—borate-cacodylate buffer; 
A, 100ug. of RNA/50ul; @, 50yg. of RNA/50ul.; 
m, 600 ug. of RNA/50 yl. of incubation mixture. 
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Fig. 3. Substrate concentration-activity curve for bron- 
chial epithelium acting on ribonucleic acid in 0-5m- 
acetate-borate—cacodylate buffer at pH 6-3. 


HYDROLYTIC ENZYMES OF BRONCHIAL EPITHELIUM 503 


Optimum activity towards NPS was observed at 
pH 7-5 in 0-2M-tris buffer at an optimum substrate 
concentration of 7mm (Fig. 5), and this activity 
can be attributed to arylsulphatase C since the A 
and B enzymes have negligible activity towards this 
substrate under these conditions (Dodgson, Spencer 
& Thomas, 1955). With NCS as substrate in 0-2m- 
acetate buffer, peaks at pH 4-5 and 6-3 were ob- 
served (Fig. 5) which can be attributed to aryl- 
sulphatases A and B respectively (cf. Dodgson 
et al, 1956). 

Confirmation of the presence of the three aryl- 
sulphatases was obtained by the method employed 
previously for other human tissues (Dodgson et al, 
1956). An acetone-dried powder was prepared from 
10 ml. of bronchial-epithelium suspension and 
separated into soluble and insoluble fractions as 
described previously (Dodgson et al. 1956). The 
original acetone-dried powder and the soluble and 
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Fig. 4. pH-activity curve for bronchial epithelium acting 
on 3mm-phenolphthalein glucosiduronide in 0-1m- 
acetate buffer. 
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Fig. 5. pH-activity curves for bronchial epithelium acting 
on NCS and NPS. @, 0-02m-NCS in 0-2M-acetate buffer; 
@, 7 mm-NPS in 0-2m-tris buffer. 
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insoluble components were assayed against 7 mM- 
NPS in 0-2M-tris buffer, pH 7-5, and 0-02M-NCS in 
0-2m-acetate buffer, pH 6-0, ic. the optimum 
conditions for arylsulphatase C and arylsulphatases 
A plus B respectively. Most of the NPS activity 
was found in the insoluble portion of the acetone- 
dried powder whereas most of the NCS activity was 
soluble (Table 1), indicating that both ‘insoluble’ 
(arylsulphatase C) and ‘soluble’ enzymes (aryl- 
sulphtases A or B or both) were present. The soluble 
material of the acetone-dried powder was concen- 
trated by freeze-drying and subjected to paper 
electrophoresis on horizontally held Whatman 
no. 100 paper over 16 hr. at 200v in the presence of 
0-1m-acetate buffer, pH 5-0, and at an ambient 
temperature of 4°. The enzyme activity was 
located by incubating 1 cm. strips with 1 ml. of 
0-02M-NCS in 0-2m-acetate at pH 5-6 for 1 hr. 
followed by the addition of 1 ml. of N-NaOH. Two 
bands of enzyme activity, indicated by the red 
colour of the liberated nitrocatechol, were observed 
and were seen to possess the same electrophoretic 
mobilities as purified arylsulphatases A and B 
prepared from human liver by the method of 
Dodgson et al. (1956). 

Effect of ethylenediaminetetra-acetic acid on 
enzyme activities. EDTA aids the total and differ- 
ential counting of the cells by dissolving the inter- 
cellular cement, thus allowing easy separation of 
the cells, and also preserves the integrity of the 
goblet cells by changing the ionic state of the mucus 
in the theca (Spencer, 1958). The effect of EDTA on 
the various enzymes was studied by comparison of 
the activity of an epithelial-cell suspension in 
sucrose alone with the same suspension to which 
0-01mM-EDTA had been added. The value of Mg?+ 
ions as an EDTA-binding agent to offset any effect 
of the EDTA on the enzymes was assessed by in- 
corporating a concentration of MgCl, equivalent to 
that of the EDTA into the cell suspension. 

Arylsulphatase A+B, arylsulphatase C, f- 
glucuronidase, acid phosphatase and alkaline and 
acid ribonuclease activities were unaffected by the 
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EDTA but alkaline phosphatase was almost com- 
pletely inhibited. This inhibition was only restored 
to 85% of the original activity by the addition of 
the Mg** ions and further additions of Mg*+ ions 
did not increase the alkaline phosphatase activity. 
The arylsulphatase A+B activity was depressed 
45 % by MgCl, but in the presence of the equivalent 
amount of EDTA this activity was restored. 

Effect of time after death on enzyme activities, 
Although autopsy specimens for routine assay 
were to be confined to those from which the epi- 
thelial-cell samples could be removed and frozen at 
— 20° within 6 hr. after death it was important to 
know whether post-mortem changes in enzyme 
activities had occurred during this period. Since 
human-autopsy specimens of bronchial epithelium 
could not be obtained sooner than 2 hr. after death 
and no suitable surgically removed specimen be- 
came available it was decided to use the trachea of 
rabbits for this investigation. 

A rabbit was‘killed by injection of air and the 
trachea immediately exposed. A portion of the 
trachea about lcm. long was resected and the 
epithelium removed with isotonic sucrose contain- 
ing 0-01M-EDTA, as previously described (Spencer, 
1958). Samples were taken for cell counting and 
the remainder of the epithelial-cell suspension was 
cooled to 0° within 5 min. of the death of the animal 
and distributed in 10 and 40 yl. portions among a 
number of small tubes, which were then frozen at 
— 20°. The whole operation, from the death of the 
animal to the freezing of the last cell-suspension 
sample, lasted about 15min. The rest of the 
trachea was allowed to remain in the animal at 
room temperature and further samples were 
removed and treated as above at intervals of 2, 4 
and 6 hr. after death. 

There was no significant difference in the ratio of 
different cell types in the four samples removed 
and the enzyme activities could be compared on the 
basis of the total number of cells present. The 
enzyme activities of the four samples were measured 
at the same time under the optimum conditions as 


Table 1. Fractionation of acetone-dried human bronchial-epithelium cells 


The acetone-dried powder was separated into soluble and insoluble fractions as previously described (Dodgson et al. 
1956) and the activity of each fraction assayed against 7 mm-NPS in 0-2M-tris buffer, pH 7-5, and 0-02m-NCS in 0-2m- 
acetate buffer, pH 6-0, over 1 hr. at 37-5°. The activities of each fraction are related to 1 g. of the acetone-dried cells. 








Recovery 
Suspension of whole ‘Insoluble’ ‘Soluble’ (‘insoluble’ and 
acetone-dried powder fraction fraction ‘soluble’ fraction) 
c Y c ~ ~ r ” - > 
NPS NCS NPS NCS NPS NCS NPS NCS 
Activity (um-moles of 8 200 30 400 7 800 5 400 400 26 500 8 200 31 900 
substrate hydrolysed) 
Percentage of activity 100 100 95-1 17-7 4-9 87-2 100-0 104-9 
of whole powder ‘ —~- ~ v + \ 2 ~ 
Ratio of activities 1:3-7 1:0-69 1:66-2 — _ 











1959 


st com- 
estored 
ition of 
2+ ions 
ctivity, 
pressed 
livalent 
.. 
tivities, 
/ assay 
he epi- 
ozen at 
tant to 
nzyme 
Since 
helium 
r death 
1en be- 
chea of 


ind the 
of the 
nd the 
ontain- 
pencer, 
ng and 
on was 
animal 
nong a 
zen at 
of the 
ension 
of the 
mal at 
| were 
of 2, 4 


‘atio of 
moved 
on the 
it. The 
asured 
ions as 





on et al. 
n 0-2M- 
lis. 


nd 


ion) 


Vol. 71 


HYDROLYTIC ENZYMES OF BRONCHIAL EPITHELIUM 


505 


Table 2. Optimum conditions for the assay of hydrolytic enzymes of human bronchial 
and tracheal epithelium 


No attempt has been made to assay arylsulphatases A and B separately (cf. Spencer, 1956) and the conditions chosen for 


A plus B activity are somewhat arbitary. 


Concn. in incubation 
mixture of 


Time of 
MgCl, Substrate incubation 
Enzyme Substrate Buffer pH (mm) (mM) (hr.) 
Acid phosphatase NPY 0-2m-Sodium acetate—acetic acid 43 0 0-01 0-5 
Alkaline phosphatase NPP 0-2m-2-Amino-2-methyl-1-pro- 10-3 3 0-006 1-0 
panol-HCl 
Acid ribonuclease RNA 0-5m-Acetate—borate—cacodylate 5-7 0 0-8* 1-0 
Alkaline ribonuclease RNA 0-5m-Acetate—borate-cacodylate ’ 0 12-0* 1-0 
p-Glucuronidase Phenolphthalein 0-2m-Sodium acetate—acetic acid 5-2 0 0-003 1-0 
glucosiduronide 
Arylsulphatase A+B NCS 0-2m-Sodium acetate-acetic acid 6-0 0 0-02 1-0 
Arylsulphatase C NPS 0-2m-Tris—HCl 7-5 0 0-007 1-0 


* mg./ml. 


Table 3. Activity of hydrolytic enzymes in 
human bronchial epithelium 


Activities were measured under the conditions outlined 
in Table 2 and are expressed as pm-moles of substrate 
hydrolysed/mg. of protein nitrogen except for acid and 
alkaline ribonucleases, where the activity is expressed in 
arbitary log J,/I values (see text)/mg. of protein nitrogen. 
Figures are the averages for six samples and the ranges are 
quoted in parentheses. 


Activity 
14 200 (8 230-22 300) 
3 820 (1 040-6 910) 
92 (47-210) 
365 (205-576) 
239 (188-288) 
238 (140-322 
50 (24-82) 


Enzyme 

Acid phosphatase 
Alkaline phosphatase 
Acid ribonuclease 
Alkaline ribonuclease 
B-Glucuronidase 
Arylsulphatase A +B 
Arylsulphatase C 





detailed in Table 2. Less than 5% diminution in 
the activity of any of the enzymes or in protein 
nitrogen of rabbit tracheal epithelium was observed 
in the samples which were removed up to 6 hr. 
after death. The conditions employed in this 
experiment were comparable with those experi- 
enced by human-autopsy material, which was 
usually obtainable within 2—6 hr. post mortem, and 
it seems reasonable to assume that the human 
material behaves similarly to that of rabbits. 
Effect of storage at —20° on enzyme activities. 
Immediately after removal of the epithelium from 
the autopsy specimen, the epithelial suspensions in 
sucrose plus EDTA were frozen at — 20° in tubes 
capped with Parafilm until required. The effect of 
storage on the various enzymes was investigated by 
measuring the activities of samples from the same 
autopsy specimen after time intervals of approxi- 
mately one month and including one sample which 
was thawed and assayed immediately after being 


frozen. When measured under the optimum condi- 
tions (Table 2), the activity of acid and alkaline 
phosphatases and ribonucleases, B-glucuronidase, 
arylsulphatases A plus B and arylsulphatase C 
decreased by less than 5% during 6 months’ 
storage at —20°. It was advisable, however, to 
measure activities as soon after thawing the 
samples as possible, or to keep thawed samples at 
0°, since most of the enzymes lost activity after 
standing for 0-5 hr. at room temperature. Protein- 
nitrogen values also dropped under the same 
conditions. 

The enzyme activities of the bronchial epithelia 
from six male cadavers selected at random have 
been measured (Table 3). 


DISCUSSION 


The present study has been mainly concerned with 
the validity of the assay of certain enzymes in 
human bronchial and tracheal epithelium removed 
at autopsy. The choice of enzymes to be studied in 
routine examinations, in attempting to demon- 
strate pre-cancerous lesions in bronchii associated 
with smoking, has been restricted to those enzymes 
which are known from the literature to be present 
in raised or lower amounts in various carcinomas 
as compared with their respective tissue of origin 
(Greenstein, 1954). Within this framework, the 
small amount of epithelial tissue available, the 
technique of collection and the method of storage 
(Spencer, 1958) have imposed further limitations. 
Thus the suitability of any particular enzyme for 
the proposed study depends on the availability of 
a convenient micro-assay method, the ease of 
reversing any effect of the added EDTA and the 
preservation of activity for long periods at — 20°. 
A series of hydrolytic enzymes were chosen for 
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initial investigation and, of these, acid and alkaline 
phosphatase, acid and alkaline ribonuclease, f- 
glucuronidase, arylsulphatase A plus B and ary!l- 
sulphatase C appeared to fulfil the criteria de- 
manded, and conditions for their assay were estab- 
lished (Table 2). Specific adenosine triphosphatase 
and 5’-nucleotidase could not be distinguished from 
other non-specific enzymes attacking ATP and 
AMP respectively and, although both the specific 
enzymes have been said to alter in carcinoma, no 
attempt has been made to consider them further in 
the present study. 

The resistance of certain enzymes to post- 
mortem changes in brain has already been ade- 
quately established. An examination of rat brain 
left at room temperature for 50 hr. post mortem 
showed that one group of enzymes, including acid 
and alkaline phosphatase, showed little or no fall in 
activity during this period, whereas a second group, 
which included adenosine triphosphatase and 5’- 
nucleotidase, dropped markedly (Naidoo & Pratt, 
1954). In a similar study over 6 hr. post mortem, 
Smith, Robins, Eydt & Daesch (1957) found that 
acid and alkaline phosphatase, lactic, malic and 
glutamic dehydrogenases and hexokinase showed 
changes that averaged only +7-6%, but phospho- 
fructokinase, in contrast, showed a decrease in 
activity of approximately 70%. The present work 
adds acid and alkaline ribonuclease, B-glucuronid- 
ase and the arylsulphatases to the list of enzymes 
which show relatively little change in activity after 
death although, as Smith et al. (1957) point out, the 
results may not be applicable to other sites where 
there are more active autolytic processes. Indeed, 
since the tracheo-bronchial epithelium is exposed 
to the atmosphere and consequently highly con- 
taminated with bacteria it is perhaps unexpected 
to find the enzymes showing the same post-mortem 
stability as that found in brain. However, the 
tracheo-bronchial tract is normally lined with a 
viscous mucus layer which presumably protects the 
epithelium for at least a short while after death and 
it may be noted that cilia of excised ox trachea may 
continue beating for as long as 36 hr. at room 
temperature without any special attention apart 
from placing the specimen in a plastic bag (Hilding, 
1956). Several of the enzymes measured, for 
example f-glucuronidase and arylsulphatases 
A+B, are normally present in granules surrounded 
by semipermeable membranes, and a post-mortem 
increase in activity might have been expected, 
attributable to a release of the enzymes from the 
granules during progressive autolysis (cf. Smith 
et al. 1957). This was not observed, probably be- 
cause each epithelial-cell sample was frozen and 
thawed before assay, a treatment which is known to 
rupture granule membranes. 

The epithelium lining the human tracheo- 


B. SPENCER 


1959 


bronchial tract possesses two main activities, the 
secretion of mucus and the transport of the mucus 
by ciliary action, and it might therefore be expected 
that the epithelium is also active in a biochemical 
sense. As far as hydrolytic enzymes are concerned 
this supposition would seem’ to be true, for the 
activity of the enzymes measured (Table 3) com. 
pares favourably with that found in some of the 
more active organs of the body. For example, the 
arylsulphatase A and B activity of human bron. 
chial epithelium is approximately one-third of that 
of liver, equal to that of spleen and twice that of 
brain (cf. Dodgson et al. 1956) when measured on a 
protein basis. The high acid phosphatase activity 
(Table 3) is also worthy of note. Other points of 
interest which have emerged are the confirmation 
of the ubiquity of arylsulphatases A, B and C in the 
human tissues so far tested and the presence of acid 
and alkaline ribonucleases which, although known 
in mouse and rat (de Lamirande, 1956), have not 
hitherto been reported in human tissue. 


SUMMARY 


1. The hydrolysis of p-nitrophenyl phosphate, 
adenosine triphosphate, adenylic acid, ribonucleic 
acid, phenolphthalein glucosiduronide, p-nitro- 
phenyl sulphate and nitrocatechol sulphate by 
human bronchial and tracheal epithelia has been 
examined. 

2. The presence of acid and alkaline phosphatase, 
acid and alkaline ribonuclease, B-glucuronidase and 
arylsulphatases A, B and C has been recognized 
and conditions have been established for their 
assay. Specific adenosine triphosphatase and 5’- 
nucleotidase could not be distinguished from other 
enzymes which hydrolysed the same substrates. 

3. In rabbit trachea no appreciable change in 
activities was observed when the trachea was left 
in the cadaver at room temperature for periods of 
up to 6 hr. after death. The activity of the enzymes 
survived at least 6 months’ storage of the human- 
autopsy material at — 20°. 


This investigation was supported by research grant 
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author wishes to thank Drs E. V. Cowdry and V. Suntzeff 
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A Method for the Assay of Insulin by Paper Chromatography 
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Methods for the assay of insulin in vitro have 
appeared at intervals in the literature. Among the 
most familiar are the fibril-precipitation method of 
Waugh, Thompson & Weimer (1950) and the more 
recent version of the same method (Grodsky, 1958). 
The former method was the subject of an investiga- 
tion by Foster, Macdonald & Smart (1951), who, 
although able to obtain reliable results in assays on 
freshly prepared solutions of insulin, protamine 
insulin and commercial concentrates, reported 
failure with solutions of low-potency insulin 
(11 units/mg.), with globin insulin and with a 5}- 
year-old solution of insulin. 

Numerous chromatographic methods for the 
separation of insulin from associated impurities 
may be found in the literature. Porter (1953) 


separated insulin from crude preparations by 
using a silane-treated kieselguhr column. Porath & 
Li (1954) used a charcoal column successfully and 
Dickinson (1956) a column of calcium phosphate 
and kieselguhr. 

Other workers have achieved satisfactory separa- 
tion of insulin from other proteins by paper 


chromatography; Robinson & Fehr (1952) were 
able to estimate the percentage of insulin in prot- 
amine zine insulin, and Grodsky & Tarver (1956) 
separated insulin from liver proteins and pancreatic 
extracts. Light & Simpson (1956) achieved separa- 
tion from similar mixtures. 

The high cost of biological assays of insulin has 
always suggested that a more economical process 
would be of great value, and it appeared worth- 
while investigating the possibility of adapting a 
chromatographic method to fulfil this need. 

There is abundant evidence in the literature for 
the heterogeneity of insulin samples, and it seemed 
reasonable to assume that a suitable solvent 
system might be capable of separating biologically 
active insulin from the impurities with which it is 
associated. If this could be done, there should be 
a relationship between the amount of biologically 
active insulin separated from a given amount of 
sample and the biological activity of the sample on 
a weight basis. 

Light & Simpson (1956) found the biological 
activity of insulin to be associated with a specific 
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spot on their chromatograms, and with their 
solvent system it has been found that the amount 
of dye bound to this specific spot by the staining 
technique to be described bears a linear relationship 
to the content of biologically active insulin in the 
sample of origin. 

This relationship constitutes the basis of the 
method to be described. 


EXPERIMENTAL 


Chromatography tanks. Rectangular glass tanks (height 
42 cm., base 27 cm. x9 cm.) with ground tops and } in. 
plain glass lids sealed on with silicone grease were used. 
Each lid was drilled centrally to accommodate a rubber 
stopper through which passed a short length of 7 mm. diam. 
glass tube, serving to guide the vertical member of an 
inverted T-piece of glass rod down into the tank. The 
horizontal member of the T-piece formed a support rail 
within the tank, from which the chromatograms could be 
suspended. This assembly was designed to allow adjustment 
of the position of the chromatograms within the sealed tank 
by external manipulation of the protruding vertical rod. 
A small circle of stiff sheet rubber with a hole made in its 
centre was pushed down over the protruding end of the 
vertical rod to retain the rod in the desired position. 

Volumetric vessels and dispensers. In order that the 
assay may be run on not more than 10 mg. amounts each 
of sample and standard, a semi-micro technique was de- 
veloped for preparation of the insulin solutions. The method 
required the use of volumetric vessels of approx. 1 ml. 
capacity, which were unobtainable from commercial 
sources and were therefore made in the Laboratory from 
glass tubing of 8 mm. diam. by sealing one end and forming 
a constricted neck (approx. 2 mm. diam.), 5 cm. from the 
sealed end, and making a graduation mark with a diamond 
pencil in the centre of the neck. The vessels were then 
calibrated by filling to the graduation mark with water 
from a capillary pipette, and weighing on an analytical 
balance. 

The precision of reproducibility was tested by performing 
four weighings on each of nine vessels made and calibrated 
in this way. The mean deviations were max. 0-180% and 
min. 0-0495%. The volumes of the vessels tested ranged 
from 1-1824 to 1-4016 ml. 

The semi-micro dispensers of Stock & Fill (1956), made 
with glass tubing of 2-5 mm. bore and suitably fitting glass 
rod, were found convenient for introducing the crystalline 
insulin samples into the vessels for weighing. 

Developing solvent. Butan-2-ol-1 % acetic acid (1:1, v/v) 
(Light & Simpson, 1956) was shaken vigorously for several 
minutes in a large separating funnel and placed in the 
chromatography room for 24hr., after which the lower 
phase was discarded and the upper butanol phase run into 
the bottom of the chromatography tanks to give a layer of 
1-0-1-5 cm. depth. Laboratory Reagent-grade butan-2-ol 
and AnalaR acetic acid (British Drug Houses Ltd.) were 
used in the preparation of the developing solvent. 

Protein stain. Acetic acid (12 ml.) was diluted to 2 1. and 
125 ml. of 0-1n-NaOH added. Bromocresol green was dis- 
solved in this solution to 0-02 % (w/v). The final pH was 3-6. 
The stain was renewed at approximately fortnightly inter- 
vals when in daily use. 
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Eluent. 0-1N-NaOQH-95% ethanol (1:1, v/v) was used, 
The ethanol content of this eluent prevented disintegration 
of the paper when eluting the dye, thus obviating the 
necessity for centrifuging or filtration of the eluates before 
colorimetric measurement. 

The linearity of the colorimetric measurement of the dye 
eluted from the chromatograms was checked by applying 
spots (10 1.) of solution of crystalline insulin in 0-05n-HC] 
to Whatman no. 1 paper to give a range of 0-110 yg. of 
sample. The chromatograms were developed, stained and 
eluted by the method described below. Extinctions of the 
eluates at 625 my were plotted against concentration of 
sample (Fig. 1). A linear relationship between the weight of 
sample applied and the extinctions of the eluates was found 
over the entire range. 

For working purposes, the middle portion of the range 
was chosen, the concentration of solutions for assay being 
so arranged that 40-60ug. of sample could be applied to 
the papers in a convenient and reproducible volume. 


Assay method 


With the semi-micro dispenser, approx. 10 mg. amounts 
of test sample and of insulin standard are weighed into 
calibrated volumetric vessels on an analytical balance. The 
vessels are placed in a desiccator over P,O,, their contents 
dried in vacuo to constant weight (24-48 hr.) and moisture 
contents recorded. 

0-05N-HCl is added with a capillary pipette to the 
vessels, which are whirled between the palms of the hands 
for 1 min. to dissolve the contents; more acid is added, to 
the calibration mark, and the contents of the vessels are 
thoroughly mixed by repeatedly drawing into and expelling 
from dry capillary pipettes fitted with rubber teats. 

Two spots of test solution, and two of insulin standard, 
are applied to each of 12 sheets of Whatman no. 1 paper 
(28-5 cm. long x 13 em. wide) at intervals of 2:5 cm., upon 
a line drawn 4 cm. from the bottom edge of the paper. The 
applications are made with an Agla micrometer syringe 
and size 8.8. Record needle, the assembly being mounted 
vertically with the needle point in light contact with the 
surface of the paper. A thin film of petroleum jelly applied 
to the needle near the point prevents the solution from 
wetting the outside of the needle. 
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Fig. 1. Effect of difference in biological potency of two 
insulin samples on the slope of extinctions of eluted 
spots/weight of sample chromatographed. @, 0-110 yg. 
(dry wt.) of insulin at 22-95 units/mg.; O, 0-110yg. 
(dry wt.) of insulin at 22-30 units/mg. 
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The precise volume to be expelled from the micrometer 
syringe is calculated from the weight of sample and the 
capacity of the volumetric vessel in which the solution was 
prepared, and should be such that 40-60 ug. of sample is 
deposited per spot. The diameter of each spot should not 
exceed lem. After drying at room temperature for 2- 
2%4hr., a fold is made 2-5 cm. from the top edge of each 
paper and a hole punched centrally through the flap and 
paper with a paper punch. The papers are then assembled in 
the tanks, four or five papers per tank, but with the rods 
retracted so that the papers are out of contact with the 
solvent; the folded tops of the papers form a series of 
corrugations, serving to separate the papers from each 
other. After equilibration for 4-16 hr. in this position, the 
rods are pushed downwards until 2-4 mm. of the bottom 
edge of each paper becomes immersed in the solvent; 
development is allowed to proceed until the solvent front 
has travelled at least 20cm. up the paper. It has been 
found convenient to equilibrate overnight, then to allow 
development to proceed during the whole of the next day. 

Chromatography is carried out at room temperature in 
a room reasonably free from draughts. It has not been 
found necessary, however, to apply any form of tempera- 
ture control to the room. 

The papers are removed from the tanks, pressed between 
sheets of clean blotting paper to remove excess of solvent 
and dried in an electric air oven at 80° for 10 min. They 
are then immersed in the protein stain for 15 hr. (overnight), 
washed four times for 3 min. in 1% (v/v) acetic acid with 
occasional agitation, then pressed between sheets of clean 
blotting paper and returned to the air oven for 10 min. to 
dry. The papers are then held over a beaker containing 
aq. 5N-NH, soln. to intensify the dye colour, and the 
specific insulin spots (those with the highest R,) are cireum- 
scribed with pencil, cut out and placed in a series of 
12 cm. x 1-5 em. test tubes. A blank, of size similar to the 
spots, is cut from a portion of the paper remote from the 
spots but within the solvent areas, and placed in a separate 
tube. To each tube is added 5 ml. of eluent, and the tubes 
are agitated at intervals during 30 min.; then the ex- 
tinctions are compared with that of the blank eluate, in a 
Unicam SP. 600 spectrophotometer at 625 mp with 
10 mm. cells. 

No colour instability has been observed for periods of up to 
10 days, but precautions should be taken to avoid evapora- 
tion of the eluent if the colours cannot be read at once. 

The assay result of the test sample is calculated from the 
following expression: 

Activity of test sample (units/mg.) = mex sx ener u. 
W,xV,xC, 


where W, is weight of standard (mg.) before drying; V, is 
volume of standard (ml.) applied per spot; C; is capacity 
(ml.) of volumetric vessel containing test sample; U is 
units/mg. of standard (not corrected for moisture content) ; 
W, is weight of test sample (mg.) before drying; V; is 
volume (ml.) of test solution applied per spot; C, is capacity 
(ml.) of volumetric vessel containing standard; M is the 
geometric mean of the ratios of extinctions of test samples/ 
extinctions of standards. 

M is substituted into the above expression after its value 
has been calculated from the following equation: 


arf(@,. Gs... Ba] 
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in which X, is the extinction of the eluate from an inner or 
outer spot of test sample; X, is the extinction of the eluate 
from the corresponding inner or outer spot of standard from 
the same paper; N is the number of observations. 

For convenience of working, the expression is converted 
into logarithms to base 10, when 


“i x x a 4: 
M =antilog | | Zz) +1 ( 2) + ( ‘) <4 
ase log | Jog (? 11108 (x Jot 8 x Jw |W 


If for any reason (breakages, etc.) a test observation were 
lost, the corresponding standard observation from the same 
paper would be omitted. 

The values W, and W, are given in terms of insulin 
samples ‘uncorrected for moisture content’, since it is 
customary to express insulin potencies on this basis, and 
to state the moisture contents with the assay results. 


RESULTS 


The method was tested by assaying a series of 
samples of known biological potency, ranging from 
crystalline zine insulin of high activity through 
amorphous insulins having intermediate activities 
to crude hydrochlorides of low value. Results are 
shown in Table 1 and in Fig. 2. 

There were also available several vials of insulin 
solution (40 units/ml.; insulin injection, B.P.), 
which had been stored for a prolonged period of 
time under unfavourable conditions. The contents 
of these vials were divided, one half being assayed 
by the biological-control laboratories by the mouse- 
convulsion test (Young & Stewart, 1952) and the 
other half assayed in this Laboratory by the 
chromatographic method. 

These samples contained an accumulation of 
clear thixotropic gel as a result of their prolonged 
storage. This gel is the inactive form of insulin 
referred to by Foster et al. (1951), and was removed 
by centrifuging at 2000 rev./min. in a MSE Super 
Minor centrifuge for 15 min. before chromato- 
graphy, since the viscosity of the samples would 
have impaired the accuracy with which the 
measured volumes could be applied to the papers. 
The validity of this procedure is dealt with in the 
Discussion. Results are shown in Table 2. 

In order to obtain a statistical assessment of the 
errors inherent in the chromatographic part of the 
method, an experiment was carried out with a 
balanced factorial design covering the following 
recognizable sources of error: (i) errors ‘within 
papers’, particularly with respect to inner and 
outer positions on the papers; (ii) errors between 
papers, within tanks; (iii) errors between tanks; 
(iv) errors between days. 

Although the last item cannot reliably be esti- 
mated in a single experiment because of the possible 
influence of atmospheric factors, it was included in 
the design to provide information on the effect of 
storing prepared papers. It was decided therefore 
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Fig. 2. Insulin chromatograms showing different colour intensities of developed spots (insulin-dye complex), with 
insulin samples of different potencies. 55g. of each sample, and 55yug. of standard, were applied in duplicate to 
each paper. Chromatograms were developed for 15 hr. A, 0-5 unit/mg.; B, 9-0 units/mg.; C, 18-0 units/mg.; 
D, 23-0 units/mg.; S, standard, 23-04 units/mg. 








Table 1. Comparison of biological and chromatographic assay on crystalline 
and amorphous insulin samples 





Biological assay Chromatographic assay 
r * > c mao 

No. Description of sample (Units/mg.) (Limits, P =0-95) (Units/mg.) (Range)* 
140 Crystalline insulin 20-5 (20-5-23-8) 21:5 (20-3-23-2) 
146 Crystalline insulin 23-3 (21-7-25-2) 23-1 (21-6-24-7) 
B.D.H. P/5 Crystalline insulin 23-04 — 22:8 (22-0-23-2) 
AN 67224 Crystalline insulin 21-9 (19-9-24-2) 21-5 (20-15-22-39) 
365/24/A3 Crystalline insulin 25:1 (+20% approx.) 23-6 (22-4-24-8) | 
365/25/A3 Crystalline insulin 18-0 (+ 209; approx.) 18-1 (17-5-18-7) 
365/97 Amorphous insulin 18-0 (15-7-20-5) 17-7 (16-8-18-7) 
365/113/B Amorphous insulin 15-0 (+20% approx.) 15-6 — 
365/113/A Amorphous insulin 13-0 (4+20% approx.) 15-06 (14-9-15-2) 
347/97/A2 Crude insulin hydrochloride 0-567 (+100% approx.) 1-04 a 
347/98/A2 Crude insulin 0-438 (+100% approx.) 1-46 (1-18-1-88) 


* These assays were performed against a standard of 22-3 units/mg., which had been specially assayed by the mouse- 
convulsion method between limits (P 0-95) of 20-6 and 24-1. 


Table 2. Comparison of biological and chromatographic assays on samples of ‘insulin injection’, 
after prolonged storage under unfavourable conditions | 


The samples contained 40 international units/ml. when originally prepared, and had decayed as a result of storage, 
leaving the residual potencies shown in the table. 





Biological assay Chromatographic assay 
pores - . es 
Sample (Units/ml.) (Limits, P=0-95) (Units/ml.) (Range)* 
47044 26-4 (22-4-30-3) 27-2 (26-7—-27-7) 
47124 24-5 (20-6-27-9) 27-35 (26-4-28-3) 
4792A 26-2 (23-3-29-5) 23-7 _— 


* These assays were performed against a standard of 22-3 units/mg., which had been specially assayed by the mouse- 
convulsion method between limits (P 0-95) of 20-6 and 24-1. 
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to run the trial on four occasions, each 3 days 
apart, the papers having all been prepared on the 
first day. On each day, 16 papers were evenly 
distributed in a designated order of position 
between four tanks. Each paper carried two spots 
of standard insulin solution and two spots of test 
solution placed so as to cover all possible positions 
on the papers, and in particular to ensure that each 
sample and each standard occupied inner and outer 
positions on the papers. 

The analysis did not allow for contributions to 
error involved in preparation of the solutions for 
testing, since the design of the experiment re- 
quired that samples of the same pair of solutions be 
applied to each paper. 

A full factorial analysis of variance was carried 
out on the completed set of spectrophotometer 
readings, which, since they may be regarded as 
proportional to the quantities of sample applied to 
the spots, were converted into log units for 
analysis; twenty-one of the interactions were not 
significant against the residual, and since these 
twenty-two variances were homogeneous, they 
were combined to provide a better estimate of the 
overall error. The shortened analysis is given in 
Table 3. 

The conclusions to be drawn from experiments 
designed to provide statistical evidence may be 
summarized as follows: (i) there is a significant 
difference between the standard insulin and the 
test sample, the order of which is not affected by 
the site or time of testing, provided that the 
samples of test and standard are set up in parallel 
situations at the same time; (ii) the inner and outer 
positions on the papers give substantially similar 
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(iii) a difference is observed between 
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results ; 
papers within tanks. Since the comparison of 
tanks is confounded with differences due to papers 
it is probable that the tanks themselves do not 
contribute appreciably to the error; (iv) the 
lowering of readings over the four test occasions is 
most significant (see Table 3). The high first- and 
second-order interactions of papers and tanks with 
days suggests that the deterioration is not uniform 
for all papers. The ‘within-paper’ error might 
therefore increase with prolonged storage. 

A separate analysis of the results for each day of 
the test (Table 4) indicates that a prolonged period 
of storage between preparation of the papers and 
chromatography is highly undesirable. 

The error variance for the first day (0-00017 in 
log units) may be taken as a reasonable guide to the 
inherent accuracy of the method. Since it refers to 
a single colorimetric determination, the variance of 
a relative potency of one sample in terms of 
another will be the variance of the difference of 
their log values, i.e. 0-00034 (Table 4). The log 
ratio of potency of a single observation, each on 
standard and test, would therefore have a standard 
deviation of ,/(0-00034), or + 0-0184, corresponding 
to +4-3%. 

The ‘statistical weight’ of an assay is the re- 
ciprocal of the variance. Therefore an assay in- 
volving a single determination on each of standard 
and test would have an estimated weight of 
1/0-00034, i.e. approx. 2900. This weight is about 
ten times as great as the weight for the assay of 
insulin by the mouse-convulsion method [Young 
& Stewart (1952); Smith (1950)] with a total of 
96 mice in a 2 x 2 design. 


Table 3. Analysis of variance (abridged table) 


Degrees of 
Source of variation freedom Mean square P 

Between samples 1 0-03224 <0-001 
Between positions on paper 1 0-00101 0-1-0-2 
Between papers within tanks 3 0-00259 0-01-0-001 
Between tanks 3 0-00432 <0-001 
Between days: linear 1 1-06070 <0-001 

quadratic 1 0-00143 0-1 

cubic 1 0-03871 <0-001 
Papers x tanks 9 0-00340 <0-001 
Papers x days 9 0-00790 <0-001 
Tanks x days 9 0-02024 <0-001 
Papers x tanks x days 27 0-00615 <0-001 
Error 190 0-00052 — 





Table 4. Analysis for samples and papers on four test occasions 


Degrees of 
Source of variance freedom First day 
Between samples 1 0-01479 
Between papers 15 0-00156 
Error 47 0-00017 


Mean squares 


Second day Third day Fourth day 
0-00799 0-00797 0-00347 
0-00470 0-00532 0-01979 
0-00040 0-00079 0-00071 
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From the data obtained on the four test days, the 
weighted mean ratio of test to standard was 1-06, 
with a statistical ‘weight’ of 176 907. The overall 
mean for the entire experiment indicates that the 
test material was 1-06 times as rich in biologically 
active insulin as the standard. The very great 
weight associated with this estimate corresponds to 
limits of error of slightly over +1% (P=0-95), 
which, of course, does not allow for errors in 
making up solutions. 

From the statistical analysis, three reeommenda- 
tions. may be made: (i) when calculating results, 
test samples should be compared with individual 
standards applied in similar positions (inner or 
outer) on the same paper; (ii) papers should not be 
stored longer than necessary between application 
of the samples and chromatography; (iii) extra 
replication for increased accuracy should be limited 
to increasing the number of solutions made up, 
rather than merely increasing the number of papers 
prepared from each solution. 


DISCUSSION 


In the early part of the experimental work, com- 
parisons were made between solvent systems con- 
taining butan-1l-ol and butan-2-ol, each with acetic 
acid with water. It was found that whereas insulin 
could satisfactorily be estimated on a weight basis 
with the former solvent, by the method of Robinson 
& Fehr (1952), it was only possible to relate the 
amount of insulin in the developed spot to the 
known biological activity of a sample where fairly 
pure insulin was used. The butan-2-ol system, 
however, was found to be superior in its ability to 
separate biologically active insulin from the 
impurities with which it is associated in the more 
crude samples examined, as is shown by the close 
agreement obtained between the biological-assay 
method and the chromatographic method. 
Comparisons between ascending and descending 
chromatography showed the former to be more 
suitable for quantitative work, since the developed 
spots were generally more compact, and the com- 
pactness was found to be preserved during staining 
by using the protein stain as described. 
Experiments on the concentration of acetic acid 
used in the solvent system showed that there was 
a positive relationship between the concentration 
of acid and the mobility of the insulin spot. How- 
ever, any improvement in resolution due to in- 
creased mobility was outweighed by the disad- 
vantage of increased temperature sensitivity of the 
more acid solvent; ‘dephasing’ was prone to occur 
in the tanks, consequent upon any slight increase in 
room temperature. There was therefore no ad- 
vantage in varying the solvent from the original of 
Light & Simpson (1956), whose observation that 
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the R, of insulin in this solvent varies with the 
amount of sample applied to the paper, and the 
distance travelled by the solvent front, has been 
confirmed. 

When impure insulin samples are chromato- 
graphed with this solvent, many of the impurities 
which separate do not take up bromocresol green 
under the stated conditions, and therefore do not 
interfere with the assay. Their presence can be 
detected by spraying the papers with a 1% (w/v) 
solution of ninhydrin in acetone and _ heating 
them for 5 min. at 100° in an air oven. 

Insulin solutions, after partial decay resulting 
from prolonged storage under unfavourable condi- 
tions, often contain, in addition to ninhydrin. 
positive substances, an accumulation of thixotropic 
gel, formed slowly as a result of changes occurring 
in solution during storage (Foster et al. 1951). In 
extreme cases, most of the insulin may be pre- 
cipitated in this inactive form. If the gel be 
allowed to remain in the sample it remains fixed at 
the point of origin, along with other impurities, in 
which position it cannot interfere with the assay. 
Samples of gel isolated by centrifuging were freed 
from soluble insulin by washing repeatedly with 
water on the centrifuge (MSE Super Minor; 
2000 rev./min., 10 min.), then chromatographed 
under the same conditions as an insulin sample. The 
protein stain revealed a very faint spot at the 
point of origin, apart from which the papers ex- 
hibited no further staining. 

The results obtained by chromatography support 
the initial premise of the existence ofa linear relation- 
ship between the biological activity of insulin 
appearing in the specific spot. The close agreement 
obtained between the mouse-convulsion test and the 
chromatographic method suggests that the specific 
spots contain insulin free from other material. 

After the work described in this paper had been 
completed, we were privileged to receive the 
manuscript of a paper by J. Bouman and J. D. H. 
Homan, of the research laboratories of N.V. 
Organon, Oss, Holland. Their findings are similar to 
our own, but differences exist in the details of 
technique and in the method of calculation of 
results for the insulin assays. 


SUMMARY 


1. Insulin can be separated from associated 
impurities and inactive material by ascending 
chromatography with the upper phase of butan-2- 
ol, 1 % acetic acid (1:1, v/v). A solution of bromo- 
cresol green buffered with sodium acetate is used 
for locating the insulin zones. 

2. A linear relationship exists between the 
amount of insulin appearing in the specific zone 
and the biological potency of the sample. 
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3. By elution of the dye from the specific insulin 
spot and quantitative colorimetric comparison 
with the similar zone from a standard of known 
potency, the biological potency of the sample can 
be estimated. 

4, Data are recorded on the comparison between 
biological potency and the potency given by the 
chromatographic method for samples of crystalline 
and crude insulins and for solutions of insulin 
which had undergone partial decay as a result of 
prolonged storage under unfavourable conditions. 
Close agreement has been obtained between the 
mouse-convulsion method and the chromato- 
graphic assay. The potency ratio of a single obser- 
vation, each on test and standard, was found by 
statistical analysis to have a standard deviation 
corresponding to +4:3%. 

Iam indebted to Dr C. G. Pope, in whose Department this 
work was carried out, for his advice, many helpful sugges- 
tions and guidance in the preparation of the manuscript, to 
Dr R. H. Pain for his keen interest in the work and criticism 
of the manuscript, and to Dr D. W. Adamson (Director of 
the Wellcome Research Laboratories) for permission to 
publish. I also wish to thank Mr P. A. Young for the 
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statistical analysis, Mr G. A. Stewart of the Biological 
Control section for carrying out the biological assays and 
for generous supplies of samples, and Miss VY. Putley for 
valuable technical assistance. 
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Protein Breakdown in Bacillus cereus 


By RUTH C. URBA* 
National Institute for Medical Research, Mill Hill, London, N.W. 7 


(Received 5 August 1958) 


In several recent studies, the proteins of Escherichia 
coli have been shown to be stable during growth. 
Thus Cowie, Bolton & Sands (1950) found that 
when cells which had been labelled with *S were 
grown further in unlabelled medium there was no 
release of labelled sulphur. Koch & Levy (1955), 
using a different technique for the detection of 
protein breakdown, concluded that only a small 
fraction (about 2%) of the total protein of LZ. coli 
breaks down during the first 2 hr. of growth, and 
that after this there is no degradation of protein. 
Again, it has been shown that during the synthesis 
of the inducible enzyme f-galactosidase, there is 
no utilization of material from the preformed pro- 
teins of the cells (Rotman & Spiegelman, 1954; 
Hogness, Cohn & Monod, 1955). These observations 
led Hogness et al. (1955) to suggest that not only 
bacterial proteins were metabolically stable, but 
that a similar conclusion might apply to the intra- 
cellular proteins of mammalian cells. 


* Present address: Instituto de Quimica Fisioldégica, 
Escuela de Medicina, Universidad de Chile, Borgofio 1470, 
Santiago, Chile. 
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However, other investigations have been re- 
ported which do not support the general conclusion 
of Hogness et al. (1955). Evidence for intracellular- 
protein degradation in Z. coli has been presented 
by Mandelstam (1957, 1958), who showed that 
whereas the proteins of rapidly growing cells 
appeared to be stable, those of non-growing cells 
were broken down to amino acids at the fairly 
high rate of 5%/hr. A similar value has been re- 
ported by Borek, Ponticorvo & Rittenberg (1958). 
Also, Halvorson (19584, b), working with yeast, has 
found that protein breakdown in growing cells is 
only 4% of that in resting cells. Studies with 
mammalian systems have been carried out by 
Steinberg & Vaughan (1956) and Steinberg, 
Vaughan & Anfinsen (1956), who measured the 
release of labelled phenylalanine, alanine and 
leucine from rat-kidney and -liver preparations, 
and its inhibition by dinitrophenol, amino acid 
analogues and during aerobic metabolism. Recently 
protein turnover in non-multiplying animal cells 
has been reported by Harris & Watts (1958), who 
have measured the incorporation and release of 
[24C]valine in macrophages. 

Bioch. 1959, 71 
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Pollock & Kramer (1958), in a search for stable 
intermediates in the biosynthesis of penicillinase by 
Bacillus cereus, studied the formation of the 
enzyme in cultures of *S-labelled cells growing in an 
unlabelled medium. They found that as much as 
10% of the sulphur of the enzyme, formed after 
transfer to the unlabelled medium, was labelled, 
and were thus led to consider the possibility of 
protein breakdown occurring in growing popula- 
tions of B. cereus. It is the purpose of this paper to 
describe and characterize the protein turnover in 
B. cereus. In the experiments to be reported, 
turnover has been measured by independent 
determinations of the rates of synthesis and de- 
gradation. The former was measured by the in- 
corporation of labelled amino acids into proteins; 
the latter by growing the cells in labelled medium 
and measuring the release of labelled amino acids 
from the proteins after the cells had been trans- 
ferred to an unlabelled medium. From the present 
results, protein turnover in B. cereus appears to be 
essentially similar to that in E. coli. 


METHODS 


Micro-organism. The organism used throughout this 
work was B. cereus strain NRRL 569. 

Growth media and buffer solution. (a) Hydrolysed casein 
medium was prepared as described previously by Pollock 
(1957). (6) Amino acids—glucose medium (AA/G) contained 
a mixture of amino acids, glucose and mineral salts 
(Pollock & Kramer, 1958). (c) Buffer solution contained 
0-01mM-KH,PO,, 0-0167M-MgSO,, 0-0lm-Na,SO, and 
0-03 m-glucose. The pH was adjusted to 7-0 by adding 2n- 
NaOH and checked with a glass electrode. The glucose was 
added to provide a source of energy. 

Inoculum. Hydrolysed casein medium inoculated with 
2 or 3 drops of standard B. cereus spore suspension con- 
taining 3 x 10® spores/ml. (Pollock, 1950) and left overnight 
at room temperature. 

Labelling of cell proteins with *S. The inoculum culture 
was diluted 1/10 in AA/G medium containing 0-2 mm- 
Na,*SO,, giving a cell density of about 0-03 mg. dry wt. of 
bacteria/ml. The culture was then allowed to grow in a 
conical flask to 0-5 mg. dry wt./ml., being shaken at 35° at 
a rate of 100 full oscillations/min. with an amplitude of 
7cm. The cells were harvested and washed with fresh 
medium for experiments with growing cells, or with the 
buffer solution for experiments with non-growing cells. The 
solutions used for washing contained methionine (600 yg./ 
ml.), cystine (300 »g./ml.) and 0-02M-Na,SO,. Cell densities 
were determined by opacity measurements with a Hilger 
Spekker absorptiometer and are expressed as mg. dry wt. of 
bacteria/ml. 

Release of labelled methionine from protein of growing cells. 
Experiments with growing cells were carried out by re- 
suspending washed cells at a concentration of 0-1, 0-3 or 
0-5 mg./ml. (see below) in AA/G medium containing 
1-5 mg. of Di-methionine/ml. to ‘trap’ the amino acid 
released by protein breakdown. In the earlier experiments, 
0-3 mg. of L-cystine/ml. was added to dilute any *5S- 
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labelled cystine that might have been released, either from 
protein or glutathione, and possibly converted into [*§]. 
methionine. In later experiments it was found that 
omission of cystine did not affect the results. 

The cell suspension was incubated with shaking at 35°. 
Duplicate samples (1 ml.) were taken at appropriate inter- 
vals and diluted with 10 ml. of water. The bacteria were 
removed by centrifuging and the radioactivity trapped by 
the carrier methionine was determined (see below). 

Release of labelled methionine from proteins of non-growing 
cells. Experiments with non-growing cells were carried out 
by resuspending labelled cells at 0-1, 0-3 and 0-5 mg. dry 
wt./ml. in buffer solution (c), containing 1-5 mg. of pDL- 
methionine/ml. In some experiments, 0-3 mg. of cystine/ 
ml. was added. As with growing cells addition of cystine 
did not affect the results. The cell suspension was incubated 
on a shaker at 35° and samples (1 ml.) were taken as 
described above. 

Methionine released during the incubation is expressed as 
a percentage of the total methionine present in the bacterial 
protein at the beginning of the experiment. 

Isolation of methionine. Methionine from the culture 
supernatant was isolated by adsorption on a resin (Zeo- 
Karb 225 in the hydrogen form) and eluted with ammonia 
(Mandelstam, 1958). The eluate was concentrated by 
boiling and transferred to Whatman no. 3 paper. Chromato- 
grams were developed for about 18 hr. with butanol-acetic 
acid—water (63:27:40). Methionine was eluted from the 
paper with water and, after evaporation, the radioactivity 
of the dry residue was measured with an end-window 
counter giving 10? counts/min. with a 10-*y0/mg. of 
carbon standard of infinite thickness on 1 cm.” The re- 
covery of methionine by this method was 80%. 

In order to be certain that the methionine thus obtained 
was not contaminated with other radioactive substances, it 
was re-isolated in two experiments by paper chromato- 
graphy, phenol-ammonia being used as the solvent. Since 
the specific activity was unaltered by this treatment, one- 
dimensional separation with the butanol-acetic acid solvent 
was used as a routine. 

Incorporation of amino acids into proteins. Unlabelled 
cells, grown as described above, were resuspended at about 
1 mg./ml. in buffer solution (c) containing either 1-5 mg. of 
DL-[S**]methionine/ml. (specific activity about 75 counts/ 
min./pg.) or 0-4 mg. of pt-[!4C]leucine/ml. (specific activity 
about 5 counts/min./yg.). The suspensions were shaken at 
35° for 3 hr. The density of the suspensions was measured 
during the incubation and samples containing about 20 mg. 
(dry wt.) of cells were taken every hour. The suspension was 
centrifuged and the cells were resuspended in 2 ml. of water 
containing 15mg. of unlabelled pui-methionine/ml. or 
0-4 mg. of unlabelled leucine/ml. 

Protein was isolated by a modification (Mandelstam, 
1958) of the method of Schneider (1945). The radioactivity 
of the dry proteins was measured at infinite thickness in 
disks 0-3 cm.2 From these measurements the amount of 
methionine or leucine incorporated has been calculated as 
a percentage of the total methionine or leucine of the 
proteins. 

Methionine and leucine content of proteins of Bacillus 
cereus. Protein from B. cereus was hydrolysed with 
mixture of 6N-HCl and 6N-formic acid at 100° for 24 hr. in 
a sealed tube. After drying, the hydrolysate was dissolved 
in water and methionine and leucine were estimated by 
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microbiological assays (Lewis, 1950) with ZL. coli NCTC 8009 
(methionine-less) and ML 328 C (leucine-less). Leucine was 
also determined by isolation’ on paper with tert. amyl 
alcohol-water (Work, 1949) and then estimated by the 
quantitative ninhydrin method of Moore & Stein (1948). 

The figures obtained were: methionine 1-4%, leucine 
56% (microbiological assay) and 5-9 % (ninhydrin method), 
and they were used to calculate the amount of amino acids 
incorporated or released in the experiments described above. 
Duplicate estimations did not differ by more than 5%. 

Catalase estimations. Catalase was measured mano- 
metrically at 30°, with 0-2mM-H,O, made up in 0-01m- 
phosphate buffer, pH 7-0, by the method described by 
Kaplan (1952, 1955). It was confirmed experimentally that 
the rate of O, evolution from H,O, over a period of 3 min. 
under these conditions was proportional to the concentra- 
tion of enzyme over the range 35-800 yl. of O,/hr. 


RESULTS 


| Breakdown of proteins in growing and non-growing 


suspensions of Bacillus cereus 


The breakdown of protein in labelled cells growing 
in AA/G medium was studied by following the 
release of [*S]methionine. Fig. 1 shows the release 
of [*S]methionine under these conditions (see 
Methods). Bacterial densities, expressed as mg. 
dry wt./ml., have been plotted logarithmically in 
the same figure. It can be seen that the rate of 
release is about 1-5%/hr. during the first 2 hr. of 
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Fig. 1. Release of [*°S]methionine from protein of growing 
cells. Cells were grown in AA/G medium containing 
0-2 mm-Na,**SO,. The cells were washed and resuspended 
in AA/G medium containing unlabelled 0-01 m-Na,SO, 
and methionine (1-5 mg./ml.). The suspension was incu- 
bated at 35°, and the radioactivity of labelled methionine 
released into the supernatant was determined. The 
results have been expressed as a percentage of the 
methionine initially present in the bacterial protein. 
O, Methionine released; A, growth. The growth has been 
plotted as the logarithms of the bacterial density (mg. 
dry wt./ml.). 
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growth and less than 0-5% after this time. The 
average rate of breakdown obtained from 13 
experiments was 1-4%/hr. for the first 2 hr. and 
0-5 % for the third hour of growth.. In all these 
experiments, the rate of release of methionine in 
the lag phase (not longer than 20 min.) seemed to 
be the same as during logarithmic growth. 

Non-growing bacteria (cells resuspended in the 
buffer solution c) presented a quite different 
picture. The release of [*S]methionine from cells 
incubated in this condition was about five times as 
great as in the growing cells and continued for at 
least 4hr. (Fig. 2). In some experiments, the 
process was still continuing at an undiminished 
rate at the end of 6 hr. Experiments with growing 
and non-growing bacteria were carried out in 
which the density of the cell suspensions varied 
from 0-1 to 0-5 mg. dry wt./ml. The rate of protein 
breakdown both in growing and non-growing cells 
was unaffected by the bacterial density. 

The effect of chloramphenicol upon the release of 
methionine from non-growing cells was studied by 
resuspension of labelled cells in phosphate buffer 
solution and incubation with 5, 10 or 20 yg. of the 
drug/ml. At the lower concentrations, the rate of 
release of methionine (in at least two experiments 
for each concentration) was constant during 
incubation for over 3 hr., but was only about 50% 
of that of the control (without chloramphenicol). 
Fig. 3 shows the results of one experiment per- 
formed with 5yg. of chloramphenicol/ml. during 
2 hr. of incubation. With 20 yg. of chloramphenicol/ 
ml. (Fig. 4) the rate observed was 50% of that of 
the control for the first hour, but after this initial 
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Fig. 2. Release of [**S]methionine from proteins of non- 
growing bacteria. O, Methionine released; A, bacterial 
density (mg. dry wt./ml.). Details were as for Fig. 1 
except that cells were suspended in buffer solution 
instead of growth medium. 
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period protein breakdown was almost completely 
inhibited. 

The effect of temperature on the rate of amino 
acid release from proteins in non-growing cells was 
studied over the range 25-45°. The rate increased 
linearly from 2-3%/hr. at 25° to 11%/hr. at 45°. 
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Fig. 3. Effect of chloramphenicol (5ug./ml.) on release of 
[S]methionine from non-growing B. cereus cells. 
Bacteria labelled with [**S]sulphate were resuspended in 
buffer solution (see Methods) containing non-radioactive 
methionine to trap the labelled amino acid released by 
protein breakdown. The suspension was incubated by 
shaking at 35°. Samples were removed at intervals and 
methionine was isolated as described in Methods. The 
amino acid released is given as a percentage of that 
initially present in the proteins. ©, Control; @, with 
chloramphenicol. 
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Fig. 4. Effect of chloramphenicol (20yg./ml.) on the 
release of methionine from protein of non-growing 
bacteria. O, Control; @, with chloramphenicol. Details 
were as described for Fig. 3. Methionine released is given 
as a percentage of the initial methionine content of the 
protein. 
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During the second hour the rate of protein break. 
down remained linear at 25° and 35° whereas at 
45° there was a marked fall. At higher tempera. 
tures (60°) the protein breakdown was less than 
0-5 %/hr. 

Synthesis of protein in non-growing cell suspen- 
sions. Washed cells were incubated in the buffer 
solution containing [**S]methionine or [*4C]leucine, 
Bacterial protein was isolated at different periods of 
incubation and its specific activity estimated. The 
rate of labelling of the protein was 8 %/hr. for 
methionine and 7%/hr. for leucine. The rate of 
amino acid incorporation remained constant during 
the first 2 hr. of incubation; after this time there 
was sometimes a fall in the rate. 

The addition of 5 pg. of chloramphenicol/ml. to a 
cell suspension in the buffer solution containing 
[?4C]leucine inhibited leucine incorporation into the 
proteins. During the first hour a proportion (2%) 
of the leucine residues of the proteins became 
labelled and thereafter the rate of incorporation 
was negligible. In order to determine to what 
extent amino acid incorporation into the cell wall 
might be contributing to these results, the radio- 
activity of the cell wall and of the intracellular 
protein were estimated independently (Mandelstam 
& Rogers, 1958). It was then found that more than 
95% of the radioactivity was incorporated in the 
intracellular protein. 

Measurement of cell lysis. An attempt was then 
made to determine whether the observed protein 
degradation was intracellular or whether it was 
preceded by cell lysis, which would be indicated by 
the appearance of endoenzymes in the incubation 
medium. Preliminary experiments were necessary 
to choose an enzyme stable enough for the purpose 
of this experiment. In order to test whether the 
enzyme chosen (catalase) lost activity during the 
incubation or was destroyed by the cells, super- 
natants of lysed B. cereus cells were prepared as 
follows. Cells suspended in the buffer solution were 
disrupted in a Mickle disintegrator (20 min.) and 
centrifuged. The supernatant was then incubated 
with and without whole cells and its enzymic 
activity measured at intervals. The results showed 
that catalase was stable in phosphate buffer, and 
that it was not appreciably destroyed (<5 %) by 
washed suspensions of B. cereus cells during incuba- 
tion at 35° for 2 hr. 

Having established that catalase was stable 
enough for the purposes of our test, the following 
experiment was designed to determine to what 
extent the release of methionine or leucine could be 
explained in terms of lysis. Washed cells were re- 
suspended in the buffer solution and incubated. 
Samples were taken and catalase in the super- 
natant was estimated. Table 1 gives the results of 
two experiments showing an average release of 
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Table 1. Release of catalase from a suspension 
of non-growing Bacillus cereus cells 


Cells were grown in AA/G medium, washed twice and 
resuspended in buffer solution at a concentration corre- 
sponding to 0-6 and 0-45 mg. dry wt./ml. (Expts. 1 and 2 
respectively). The suspensions were incubated and the 
supernatant was assayed for catalase activity by measuring 
the evolution of O,. The total catalase present in the cells 
initially was 890 and 380yl. of O,/ml. respectively at the 
beginning of the two experiments. In the last two columns 
the eatalase released by the cells is compared with the 
methionine released in similar conditions. 


Catalase activity Catalase Methionine 
of supernatant released/hr. released/hr. 
(ul. of O,/ml./3 min.) Average of 2 Average of 12 


Time experiments experiments 
(hr.) Expt.1 Expt. 2 (%) (%) 

0 6 4 — 

1 12 4 0-3 7 

2 14 4 0-1 6-8 

3 15 15 1-4 6-8 





catalase from non-growing cells of less than 
1%/hr. during the first 2 hr. This compares with 
an average methionine release of 7%/hr. in a 
series of twelve experiments done under the same 
conditions. 

These results support the contention that the 
observed breakdown of protein is not dependent on 
cell lysis and must therefore be largely intracellular. 


DISCUSSION 


The results here reported show that protein turn- 
over in B. cereus cells occurs at different rates in 
growing and non-growing bacteria. The average 
rate of amino acid release in growing cells was about 
1-5%/hr. and in washed cell suspensions 7 %/hr. 
Similar differences between rates of protein break- 
down in growing and non-growing populations, 
which suggest that proteins are most stable during 
growth, have been found by Mandelstam (1957, 
1958) for H#. coli and by Halvorson (1958a, b) for 
yeast. It should be noted that when cells were 
suspended in a full growth medium, breakdown of 
protein was not affected by the transition from the 
lag phase to the growth phase. Furthermore, the 
rate of breakdown decreased markedly after the 
first 2 hr. of growth. This would suggest one of the 
following possibilities: (1) during growth, only a 
fraction of the bacterial protein can break down; 
(2) the protein breakdown is inhibited by meta- 
bolites accumulating in the cells; (3) cofactors or 
enzymes, needed for protein degradation, are lost. 
The possibility that during growth the proteins are 
stable and that only a fraction of them can break 
down has been considered by Koch & Levy (1955), 
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who reported that about 2% of the proteins of 
growing L. coli cells are degraded to amino acids in 
the first 2hr. of growth. The second possible 
explanation has been discussed previously by 
Mandelstam (1958), and was supported by his 
finding that ammonium salts and threonine inhibit 
protein breakdown in the conditions used. 

The rate of protein synthesis in non-growing 
B. cereus cells is in quite good agreement with the 
figures obtained for protein breakdown. Mandel- 
stam (1958) has already found a similar correlation 
between synthesis and breakdown of bacterial 
protein for EL. coli. 

With regard to the action of chloramphenicol on 
protein turnover as a whole, it is interesting to 
contrast its effect on amino acid incorporation and 
on amino acid release. Almost complete inhibition 
of amino acid uptake has been obtained with low 
concentrations of drug (5 yg./ml.) similar to those 
required to inhibit growth and penicillinase forma- 
tion in B. cereus (M. R. Pollock, personal com- 
munication). Protein breakdown, on the other 
hand, is only partially inhibited by this concentra- 
tion. Higher concentrations (Figs. 3, 4) are 
required to obtain the same order of inhibition. 
These results agree with the observations reported 
by Mandelstam (1958), who has found that in E. 
coli protein degradation is less affected by dinitro- 
phenol, azide and chloramphenicol than is protein 
synthesis. 

The possibility has to be considered that any 
labelled methionine released during the incubation 
has been derived from non-protein compounds. 
A possible source is labelled glutathione, which 
might be present in the cells after growth in labelled 
sulphate. Breakdown of glutathione would release 
cystine and this in turn could lead to the appear- 
ance of labelled methionine. However, if this 
reaction occurred to any significant extent, the 
addition of cystine carrier to the incubation 
medium would be expected to reduce the amount of 
labelled methionine which is trapped. In fact, the 
addition of unlabelled cystine led to the release of 
labelled cystine into the medium (showing that it 
was acting as an effective carrier) but had no effect 
on the amount of labelled methionine recovered. 
This suggests that cystine released, either from 
protein or glutathione, is not converted into 
methionine under the conditions of these experi- 
ments. 

The possibility that these amino acids were 
being released only after cell lysis is unlikely in 
view of the fact that the extent of lysis, as measured 
by the release of catalase into the medium, is 
altogether insufficient to account for the amount of 
protein breakdown which takes place in non- 
growing cells. The process is therefore largely, 
perhaps completely, intracellular. 
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SUMMARY 


1. Protein turnover was studied in growing and 
non-growing cell suspensions of Bacillus cereus. 

2. The average rate of protein breakdown in 
growing cells was about 1-4%/hr. In non-growing 
cells the rate of both protein synthesis and protein 
breakdown was about 7 %/hr. 

3. Chloramphenicol inhibited both synthesis 
and degradation of protein in non-growing B. 
cereus cells. 

4. Very little cell lysis occurred and it therefore 
appears that protein turnover is very largely an 
intracellular process. 

I wish to thank Dr M. R. Pollock and Dr J. Mandelstam 
for their helpful discussions and advice in connexion with 
this work, which was done during tenure of a fellowship 
from the University of Chile. 
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Mitochondrial Preparations from the Leaves of Tobacco 
(Nicotiana tabacum) 


By W. S. PIERPOINT 
Biochemistry Department, Rothamsted Experimental Station, Harpenden, Herts 


(Received 28 August 1958) 


There is abundant evidence that the tissues of 
higher plants contain mitochondria and that, when 
these are extracted by methods similar to those 
used for animal mitochondria, they are associated 
with the oxidation and phosphorylation reactions 
of the tricarboxylic acid cycle (Hackett, 1955; 
Laties, 1957). Most of the studies on this isolation 
have, however, been concerned with etiolated or 
non-pigmented tissues. Very few have been done on 
chlorophyllous tissue, as the presence of plastids 
and the vacuolar contents make extraction and 
purification difficult. 

Because of these difficulties some workers have 
concluded that in green leaves many of the reac- 
tions of the tricarboxylic acid cycle are not 
associated with mitochondria (Brummond & 
Burris, 1954), or that some of them are located in 
the plastids (Ohmura, 1955; Sissakian, 1955). But 
recently mitochondria similar to those from etio- 
lated tissues have been prepared from the leaves of 
peas (Smillie, 1956a,b; Sissakian, Bekima & 


Mosolova, 1957) and other plants (James & Das, 
1957). Good evidence is presented, especially in 
the last of these papers, that the oxidations of the 
tricarboxylic acid cycle are located exclusively in 
these mitochondria and not in the chloroplasts. 
The present work describes the preparation and 
some of the properties of an extract of tobacco 
leaves which is sedimented between 1000 and 
10 000g and which brings about many of the 
oxidations of the tricarboxylic acid cycle. Although 
no cytological observations on it are presented, it 
seems likely that it is a preparation, in a damaged 
and impure form, of leaf mitochondria. It is 
therefore referred to as such throughout this paper. 


EXPERIMENTAL 


Plants. Seeds of Nicotiana tabacum (White Burley strain) 
were germinated in a heated greenhouse in John Innes seed 
compost, and transplanted as soon as possible into John 
Innes potting compost. The plants were allowed to grow for 
at least another 5 weeks before they were used. 
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Mitochondrial preparations. In a typical experiment all 
the green leaves were removed from two or three plants 
and cleaned either by careful dusting with filter paper or by 
immersion in water followed by blotting with filter paper. 
A comparison of the two methods showed no difference, so 
the former, quicker, one was adopted. The midribs were then 
cut out and the leaf material was weighed. 

About 25-30 g. of this tissue was cut into strips and 
ground in a chilled mortar containing 65 ml. of extraction 
medium and 15g. of acid-washed sand. When more leaf 
tissue was used, the amount of medium was increased 
proportionally. The resulting suspension was passed, with 
gentle squeezing if necessary, through two layers of butter 
muslin, and the sand and fibre residue discarded. The 
filtrate was then centrifuged for 7 min. at a centrifugal 
force of approx. 1000 g at the centre of the centrifuge tube, 
to give a sediment containing starch and chlorophyllous 
material but very little succinoxidase. This is referred to as 
the ‘chloroplast fraction’. The supernatant was further 
centrifuged for 30 min. at a force of approx. 10 000g to 
give a green ‘mitochondrial’ pellet and a relatively clear 
supernatant solution. 

The mitochondrial pellet was suspended evenly in about 
40 ml. of cold washing medium, with the aid of a large 
test tube and a loose-fitting glass plunger, and sedimented 
by centrifuging at 10 000 g for 30 min. For use in enzymic 
tests it was suspended evenly in 0-25m-sucrose and 0-4 or 
0:5 ml. samples, containing about 1 mg. of protein nitrogen, 
were pipetted into appropriate tubes. 

Oxygen uptake. Oxygen uptake was measured in the 
conventional Warburg apparatus by the techniques 
recommended by Umbreit, Burris & Stauffer (1949). The 
flasks, containing the complete reaction medium in their 
main compartments and 0-2 ml. of 10% KOH and folded 
pieces of filter paper in their centre wells, were cooled in 
ice before the addition of plant extract. After transfer to 
the water bath at 30°, they were shaken at a rate of 120 
strokes/min. and allowed to equilibrate for 10 min. before 
the taps were closed. 

Oxygen uptake was proportional to the amount of 
enzyme added up to 4 mg. of protein N. It was generally 
measured for 90 min., but was expressed as yl. of oxygen/ 
mg. of protein N/30 min. (qo,). 

The medium in which the mitochondrial preparations 
were incubated had the composition: substrate acid 
25 mm; sucrose 0-2m; phosphate buffer, 66mm, pH 7:3; 
magnesium sulphate 6-6mm; adenosine triphosphate 
(ATP) 1-3 mM; cytochrome c 0-102 mm. The final volume 
was 1-5 ml. and the pH 7-2-7-3. Any deviations from these 
conditions are mentioned in the appropriate places. 

Chemical estimations. Citric acid was_estimated by a 
combination of the methods of Schneider, Striebich & 
Hogeboom (1956) and McArdle (1955). The citrate was con- 
verted into pentabromoacetone with KBr and KMnO, by 
the method of Schneider et al. (1956), but this was extracted 
into light petroleum (b.p. 80-100°) and a colour developed 
with the thiourea—borax-sodium sulphide solution of 
McArdle. The colour was read at 490 my, its wavelength of 
maximum absorption, in the Unicam SP. 500 spectrophoto- 
meter. This method has the advantages that there is no 
interference from the sucrose in the plant extracts as 
there is in the method of McArdle, and it avoids the use of 
pyridine as an extractant. 

Protein nitrogen was determined by a micro-Kjeldahl 
method. The protein samples (0-1-0-2 ml.) were first pre- 
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cipitated with 2 ml. of 15% (w/v) trichloroacetic acid, 
centrifuged down at 1500 g, washed with 7-5% (w/v) tri- 
chloroacetic acid and then dissolved in the minimal amount 
of n-NaOH soln. These solutions were then digested with 
lml. of cone. H,SO, and approx. 0-2g. of a catalyst 
(composition: K,SO, 90 g.; CuSO,,5H,O 10 g.; SeO, 0-1 g.). 
The ammonia was distilled into boric acid solution (2%), 
and measured by titration with HCl. 

Chlorophyll was estimated, after extraction in aq. 80% 
(v/v) acetone, by measuring the absorption of the filtered 
solution at 663 and 645 my (Arnon, 1949). 

Chromatography of organic acids. Organic acids were 
extracted with ether from the acidified (pH 2) mitochondrial 
suspensions for 50 hr. and, after the ether had been evapor- 
ated, were dissolved in 0-5 ml. of water. Varying amounts 
(12, 25 and 40yl.) of these solutions were put on to sheets of 
Whatman no. | filter paper, in 3yl. spots, and the chro- 
matograms developed in an ethanol—water—aq. NH, soln. 
solvent (Jones, Dowling & Skraba, 1953). After 24 hr. the 
papers were removed, dried, sprayed with ammoniacal 
silver nitrate and heated for 7 min. in an oven at 95° 
(Brown, 1951). The appearances of the acid spots under 
u.v. light are characteristic, and are a useful aid to Ry 
values in identification. Thus citrate, isocitrate and malate 
give intense-yellow fluorescent spots, the citrate and iso- 
citrate ones being rather more orange than the other. 
Succinate, fumarate and cis-aconitate give blue spots, and 
«-oxoglutarate a dull red one. Oxaloacetate and pyruvate 
could not be detected. 

Chemicals. Cytochrome c was prepared from horse heart 
by the method of Keilin and Hartree as modified by’ 
Umbreit et al. (1949). Pyruvic acid was prepared from 
tartaric acid according to Howard & Fraser (1948) and 
converted into the sodium salt by the method of Price & 
Levintow (1952). A 10% coenzyme A concentrate was 
generously given by Dr E. M. Crook, and a crude yeast 
hexokinase preparation by the Sigma Chemical Co. 

All other chemicals were obtained commercially, and 
were AnalaR as far as possible. The acid-washed sand 
(Hopkin and Williams Ltd.) was further washed with 
0-05 m-ethylenediaminetetra-acetic acid (EDTA) and water 
and then air-dried before it was used. High molecular- 
weight dextrans were obtained as Intradex (British Drug 
Houses Ltd.), a 6% solution with 5% of added glucose. 
Carbowax 4000, a preparation of high molecular-weight 
polyethylene glycols (General Metallurgical and Chemical 
Ltd.), was purified by precipitation from acetone (Mc- 
Clendon, 1954). 

Phosphate buffers were prepared from M-NaH,PO, by 
adding conc. NaOH soln., and diluting them to the required 
molarity. Tris buffers were similarly made from 2-amino-2- 
hydroxymethylpropane-1:3-diol and HCl. The solutions 
were finally adjusted to the required pH values after dilu- 
tion. Measurements were made with a glass electrode that 
had been calibrated with a saturated solution of potassium 
hydrogen tartrate and commercial buffers (Burroughs 
Wellcome and Co.). 


RESULTS 
Effect of the composition of the extraction 
medium on succinoawidase activity 


The composition of the extraction medium in 
which the leaves are ground drastically affects the 
activity of the mitochondrial preparations. The 
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most active succinoxidase preparations, with low 
endogenous activity, were made by grinding the 
leaves in a heavily buffered modification of 
the sucrose medium that was introduced so 
successfully for animal mitochondria (Hogeboom, 
Schneider & Pallade, 1948). Its composition was 
sucrose 0-4M, 2-amino-2-hydroxymethylpropane- 
1:3-diol (tris) 0-2m, potassium phosphate 0-01M, 
EDTA 5 mM, and sodium citrate 0-02™ at a final 
pH of 7-8—7-9. After their initial sedimentation at 
10 000 g, preparations made in this medium were 
washed in a medium containing the same sub- 
stances at half the above concentrations, but only 
5 mm-citrate, at a final pH of 7-2—7-3. 

The effect on succinoxidase of omitting each of 
the components in turn from the extraction and 
washing media is shown in Table 1. In these 
experiments the leaves with midribs removed were 
cut longitudinally into two roughly equal parts, 
and these parts were assigned to different batches. 
One of these batches of half-leaves was then disin- 
tegrated in the standard medium described above 
and the other in the modified medium. This pro- 
cedure minimizes differences between the two 
preparations due to differences in starting material. 
When the two preparations were made in samples 
of the same medium, differences in their activity 
were small (Table 1, Expt. 9). Thus differences 
between the two preparations due to factors other 
than the differences in medium can be neglected. 

Omission of any one of the constituents, with the 
exception of phosphate, leads to a decrease in the 
succinoxidase activity of the preparation. With 
omission of sucrose (Table 1, Expts. 1 and 2), the 
30-40 % decrease may not be a destruction of 
activity but rather a redistribution. Without 
sucrose the medium is less dense and viscous, and 
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a larger proportion of the particles bearing succin- 
oxidase may be sedimented by the initial centri- 
fuging at 1000 g. Losses due to omission of the 
other constituents are probably due to destruction 
of the enzyme system. 

The inclusion of phosphate in the medium had no 
beneficial effect on the succinoxidase (Table 1, 
Expt. 8), even when its concentration was increased 
tenfold (Table 1, Expt. 10). It was retained in the 
medium at a low concentration, however, as it is 
known to affect beneficially plant-mitochondrial 
activities other than _ succinoxidase (Millerd, 
Bonner, Axelrod & Bandurski, 1951), and to have 
an effect in the extraction medium besides that 
due to its buffering properties (Millerd, 1953). 

The omission of EDTA from the extraction 
medium results in a 10-30% decrease in the 
succinoxidase (Table 1, Expts. 4 and 5). This 
protective effect of EDTA on oxidations carried 
out by plant-mitochondrial preparations is well 
known (Smillie, 1955). It is explained as due to the 
chelation of Ca?+ ions from the disintegrated leaves 
(Lieberman & Biale, 1955), and is more marked in 
preparations made from tissues with highly 
vacuolated cells (Lund, Vatter & Hanson, 1958). 

The pH of the supernatants left after the chloro- 
plast and mitochondrial fractions had been centri- 
fuged out of the leaf extracts were generally 
between 7-0 and 7-85. Those of the experiments 
described in Table 1 were all between 7-4 and 7-7, 
and the two supernatants obtained in each experi- 
ment were within 0-1 pH unit of each other, 
except when tris, the major buffering component of 
the medium, was omitted (Table 1, Expt. 3). The 
pH of the supernatant then dropped to 6-3, about 
1-2 units below the value of the control preparation, 
and there was a 60% loss in the succinoxidase 


Table 1. Effect of composition of the extraction medium on succinoxidase activity 


Batches of leaves (35-50 g.) were cleaned, removed from the midrib and divided into two equal portions of half-leaves. 
Mitochondria were prepared from one portion with the standard extraction and washing media, whose compositions were 
sucrose 0-4, tris 0-2m, EDTA 5 mm, phosphate 0-01, citrate 0-02, pH 7-9, and sucrose 0-2M, tris @-1m, EDTA 2-5 mm, 
phosphate 5 ma, citrate 5 mm, pH 7-3. The media used for the other portions were modified as described below. Succin- 
oxidase activity was measured as described in the Experimental section. 


Standard medium 
ellen 


Modified medium 


peensternieasnD ccemmcenennecncneeneil 


= a 

Expt. Endogenous Succinoxidase Endogenous Succinoxidase 
no. oz Yo» Modification 10» Ios 
1 13-4 43 Sucrose omitted 13-2 33 
2 10 45 Sucrose omitted 9 29 
3 6 40 Tris omitted ll 24 
+ 7 43 EDTA omitted 5-5 38 
5 12 48 EDTA omitted 13 37 
6 10-6 60 Citrate omitted 21 31 
7 14 70 Citrate omitted ll 32 
8 13 125 Phosphate omitted 14 132 

9 — — Phosphate omitted 3°8 37-5 

— — Phosphate omitted 4-8 35 
10 -- —_ Phosphate omitted 3:8 50 
— — 10 times as much phosphate 3-1 45 
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activity. This loss of activity when the pH of the 
extract is below 6-8 is also illustrated in Table 2. 
However, as this table also shows, wide variations 
in the final pH have comparatively little quanti- 
tative effect on the succinoxidase activity. 

Lieberman (1958) has recently reported that an 
extractant with a high buffering capacity (0-2m- 
tris, pH 9-2) is necessary to obtain a sedimentable 
cytochrome oxidase from apples. With this enzyme, 
as with the present succinoxidase of tobacco leaves, 
no activity could be obtained by buffering the 
extraction medium at pH 7-0 with phosphate. 

The largest decreases in succinoxidase (60—80 %) 
recorded in Table 1 were caused by the omission of 
citrate from the extraction and washing media 
(Expts. 6 and 7). But whereas this protective 
effect of citrate has been observed more than six 
times, an occasional very active preparation was 
made in the absence of citrate. One such prepara- 
tion had an endogenous qo, of 9, which was in- 
creased to 45 by the presence of succinate. This 
inconsistency, which may be due to differences in 
the physiological state of the leaves, is similar to 
that found with spinach leaves (Ohmura, 1955). 
Sedimentable extracts prepared from these leaves 
in the absence of citrate were ‘often’ unable to 
oxidize added organic acids. 

It is not at all certain what the mechanism of this 
protective effect of citrate is. It may involve the 
removal of succinoxidase inhibitors from the pre- 
paration, since citrate added to a preparation after 
it had been squeezed through muslin had a bene- 
ficial effect. But as these preparations catalyse 
some of the reactions of the tricarboxylic acid 
cycle, it could be interpreted as due to the forma- 
tion of succinate and the consequential stabiliza- 
tion of the succinoxidase by its substrate. Con- 
sistent with this view is the fact that succinate 
itself will replace citrate in the extraction medium 
(Table 3). Fumarate will not replace citrate, but 
these tobacco-leaf extracts, in common with some 
other plant-mitochondrial preparations (Switzer & 
Smith, 1957), have little or no oxidative activity 
for fumarate. 


Amount of extraction medium 


The amount of extraction medium in which the 
leaf tissue was ground was initially chosen for 
convenience of grinding. That it may not be the 
optimum amount for the recovery of succinoxidase 
is indicated by an experiment in which 44g. of 
leaves was divided into two equal lots of half- 
leaves, and one lot ground, with 15 g. of sand, in 
50 ml. of extraction medium and the other in 
90 ml. Succinoxidase prepared from the first lot 
had Yo, 29 and an endogenous qo, of 9-2. That from 
the second lot had a higher Yo, (46) and a lower 
endogenous qo, (4). This effect may be explained as 
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the dilution of some inhibitory material by the 
extraction medium. 

In many of the more recent experiments the 
amount of extraction medium used for 25-30 g. of 
leaves has been increased to 85 ml. 


Other extraction media 


The inclusion of ascorbate (0-01™) in the extrac- 
tion medium had no measurable effect on the 
succinoxidase activity. Nor had the inclusion of 
fluoride (0-01M), which protects the succinoxidase 
of young barley plants by inhibiting an interfering 
lecithinase (Goodwin & Waygood, 1954). 

No succinoxidase could be detected in prepara- 
tions made by grinding tobacco leaves in a variety 
of media containing Carbowax 4000 (20%, w/v), 
although these Pree 7 have been 





Table 2. Effect of pH of extraction medium 
on succinoxidase activity 


In each experiment the leaves were divided into two 
equal lots of half-leaves, and both lots disintegrated in the 
standard extraction medium whose pH had been adjusted 
to different values. Succinoxidase was prepared as 
described in the Experimental section, and the pH values 
of the supernatant solutions were measured. 


Expt. pH of Endogenous Succinoxidase 

no. supernatant Jo. qos 
1 7-55 12 55 
8-4 15 61 

2 7-9 9 31 
8-6 11 30 

3 6-8 17 42 
6-0 20 30 





Table 3. Replacement of citrate in the 
extraction medium 


In each experiment the leaves were divided into two 
equal lots of half-leaves, and succinoxidase was prepared 
from each lot in the media indicated below. The media 
used were: the standard one containing citrate (0-02M- 
citrate in the extraction medium and 5 my in the washing 
medium); one in which the citrate was replaced by fumarate 
(0-02 and 5 mm); one in which it was replaced by succinate 
(10 and 0-2 mm); and one in which it was omitted and not 
replaced. Succinate was used at lower concentrations to 
prevent its being carried over into the succinoxidase 
estimation. 


Expt. Endogenous Succinoxidase 

no. Medium Jo. Yo, 
1 Citrate present 8-9 42 

Succinate present 6 38-5 
2 Neither present 6 16 
Succinate present 6 34 
3 Citrate present 12-5 75 
Fumarate present 12 30 
4 Neither present 12 23 
Fumarate present 15-5 28 
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reported to have a beneficial effect on isolated 
tobacco chloroplasts (McClendon & Blinks, 1952; 
McClendon, 1954). Similarly, there was little or no 
succinoxidase in extracts prepared in a medium 
similar to that described by Birbeck & Reid (1956), 
and containing raffinose, dextran and heparin. 
However, with this medium, the addition of citrate 
had a beneficial effect (Fig. 1). 


Distribution of succinoxidase 


The chloroplast and mitochondrial fractions 
obtained by the usual procedure each contained 
about 15% of the total protein nitrogen of the 
extracts. The bulk of the recovered succinoxidase 
was located in the less dense mitochondrial fraction. 
In order to check these distributions, a number of 
fractionations were carried out more thoroughly 
and each sedimented fraction was washed twice in 
the usual washing medium. The pooled washings of 
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Fig. 1. Effect on succinoxidase of including citrate in the 
extraction medium. Tobacco leaves (40 g.) were cleaned 
and midribs were removed and then divided into two equal 
lots of half-leaves. Succinoxidase was prepared from one 
lot in an extraction medium [raffinose hydrate (0-23), 
Intradex (6%, v/v), tris (0-15M), heparin (0-035 %, w/v), 
EDTA (2mm), adenosine monophosphate (AMP, 
0-6 mm), final pH 7-8] and washed in the same medium 
without AMP, at pH 7-4. Succinoxidase was prepared 
from the second lot of half-leaves in the same medium, 
but in the presence of citrate (15-4mm). Samples of 
both preparations, containing 1-2 (----) and 1-5 (—) 
mg. of protein N respectively, were used in measuring 
endogenous oxygen uptake (©) and _ succinoxidase 
activity (@). 
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Table 4. Distribution of succinoxidase among fractions of tobacco leaves 
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Fraction 


The leaves (28 g.) were disrupted in the usual extraction medium (70 ml.) and fractions sedimented at 1000 and 10 000g. Each sediment was washed twice in the 
Initial extract 


washing medium, and the pooled washings were added to the supernatant extract for the next centrifuging. Chlorophyll, succinoxidase and protein N were measured 


on samples of each fraction. 
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Table 5. Effect of the state of leaves on succinoxidase activity 


In each experiment succinoxidase was prepared from 16 g. of sticky leaves from plants over 4 months old, and also from 
16 g. of non-sticky leaves from younger plants. The extraction medium and method of preparing and measuring succin- 
oxidase activities were the standard ones described in the text. 


Succinoxidase from 
sticky leaves 
A. 


Succinoxidase from 
non-sticky leaves 
A 
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Fig. 2. Effect of age of leaf on succinoxidase activity. The 
green leaves were taken from five tobacco plants and 
separated into young ones, less than 20 cm. long, and 
older ones. Succinoxidase was prepared from 20g. of 
young leaves (—) and 20g. of old leaves (----) with the 
media and methods described in the text. Samples of 
both preparations, containing 1-8 and 1-6 mg. of protein 
N respectively, were taken for measuring endogenous 
oxygen uptake (©) and uptake in the presence of 
succinate (@). 


the chloroplast fraction were added to the super- 
natant from which the mitochondrial fraction was 
to be sedimented. Table 4 shows the distribution of 
protein nitrogen, chlorophyll and succinoxidase in 
one of these experiments. 

The figures for the total succinoxidase activity in 
the last column are calculated from the differences 
between the endogenous and exogenous activities 
of each fraction. Since the endogenous activities of 
the initial extract and the supernatant fractions are 
high, no doubt owing to the presence of oxidizable 
organic acids including citric acid from the 
extraction medium, these figures are only approxi- 
mate. But they suggest that the bulk of the 
recoverable succinoxidase is in the mitochondrial 
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fraction. This fraction is the only one in which the 
succinoxidase is enriched, on a protein nitrogen 
basis, relative to the initial extract. 

Chlorophyll is almost equally divided between 
the chloroplast and the mitochondrial fractions; in 
both it is more concentrated, relative to protein 
nitrogen, than in the initial extract. The chloro- 
phyll:protein nitrogen ratio in the chloroplast 
fraction is similar to that reported by other 
workers for tobacco-leaf chloroplasts (Jagendorf & 
Wildman, 1954; Jagendorf, 1955). Microscopic 
examination showed that the mitochondrial extract, 
unlike the other, contained very few apparently 
intact chloroplasts. But since the chlorophyll: pro- 
tein nitrogen ratio of chloroplast fragments is the 
same as that for intact chloroplasts (Jagendorf & 
Wildman, 1954), about 70 % of the protein nitrogen 
of the mitochondrial fraction is probably derived 
from chloroplasts. The chloroplasts therefore 
account for about 20% of the protein of the leaf 
extracts. Only a third of the protein of the mito- 
chondrial fraction, corresponding to 5% of the 
protein in the leaf extract, is derived from mito- 
chondria and cell components other than chloro- 
plasts. 

Effect of the physiological state 
of the plant on succinoxidase 


Considerable variation in the activity of pre- 
parations made by the same method was en- 
countered. This variation, of which something can 
be seen in Table 1 (even though results obtained 
with preparations of low activity have been 
omitted), is probably due to differences in the 
physiological state of the leaves. As a rough 
generalization, preparations made from older 
plants (3-4 months), whose leaves were covered 
with a sticky exudate, were poor (Table 5), and 
washing these leaves with water to remove the 
exudate had no beneficial effect. But this is 
complicated by the fact that the younger, smaller, 
leaves of a plant gave more active preparations 
than the older leaves (Fig. 2). Some quite active 
preparations have been made from the smaller 
leaves of very old and sticky plants. The leaves 
from which a high succinoxidase would be expected 
seem to correspond to those from which largest 
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Table 6. Omission of substances from the succinoxidase-assay system 


Succinoxidase was prepared from tobacco leaves in the usual way. Its activity was measured in a medium whose final 
composition was: succinic acid 25 mm; sucrose 0-2m; phosphate buffer, pH 7-3, 66 mm; magnesium sulphate 6-6 mm; ATP 
1-3 mm; cytochrome c 124M; and also in a similar medium with the modifications listed below. 

Activity is expressed as a percentage of that in the modified medium after the subtraction of the endogenous oxygen 


uptakes. 


Expt. 
no. Component altered 
Magnesium sulphate 


Magnesium sulphate 


Cytochrome c 


Sucrose 


Table 7. Variation of succinoxidase activity 


with succinate concentration 


Tobacco leaves (25 g.) were ground in 65 ml. of the 
usual extraction medium, and the enzyme was prepared as 
described. Succinoxidase activity was measured on 
samples containing 0-63 mg. of protein N, in a medium of 
composition: sucrose 0-2mM; phosphate buffer, pH 7:3, 
66 mm; magnesium sulphate 6-6 mm; ATP 1-3 mm; cyto- 
chrome c 12M; succinate as stated below. Endogenous 
oxygen uptake is subtracted before the figures in the last 
column are derived. 

Relative 
Oxygen succinoxidase 
concn. uptake activity 
(mm) (Go,) %) 
150-0 39 58 
50-0 60 100 
25-0 53 96 
12-5 44 69 
6-2 27 33 
0 1l — 


Succinate 





amounts of a slowly sedimenting nucleoprotein 
have been isolated (Pirie, 1950). 

Oxidative activity of preparations made from 
the leaves of pea plants have been reported to vary 
with the conditions under which plants were grown. 
Smillie (1956a) noted an adverse effect of high 
temperatures and humidity, and Sissakian e¢ al. 
(1957) showed a similar effect of optimum illumina- 
tion coupled with temperatures above 20°. 


Factors affecting the estimation of succinoxidase 


The composition of the medium in which succin- 
oxidase was measured is given in the Experimental 
section. It was based on media used for plant 
tissues by other workers. The importance of each of 
its components was measured by omitting them 
singly, when it was found that only the ATP and 


Succinoxidase 
Conen. activity 

(™) (%) 
0 100 
0-0066 100 
0 100 
0-0066 131 
0 100 
2-4 x 10-8 100 
2-4 x 10-7 150 
2-4 x 10-6 280 
2-4 x 10-5 280 
0-062 100 
0-187 146 
0-376 152 


phosphate were consistently without effect on the 
oxygen uptake. Other derivatives of adenylic acid, 
adenosine di- and mono-phosphate, were also 
ineffective. Nevertheless, both ATP and phosphate 
were always added in view of possible requirements 
for the oxidation of other substrates and phos- 
phorylative reactions. 

The effect of omitting other components from the 
media are collected in Table 6. The small effect of 
magnesium, quite unlike the larger one of cyto- 
chrome c, was rather variable. Cytochrome c was 
active in very small amounts, 2-4 uM being sufficient 
for maximum activity. Sucrose was never com- 
pletely omitted from the medium, since the enzyme 
was suspended in 0-25M-sucrose for its distribution 
to the Warburg flasks. However, additional 
sucrose is necessary for maximum activity 
(Table 6). No inhibition of the oxidation of suc- 
cinate was observed with higher concentrations of 
sucrose (0-38M), as occurs with some animal pre- 
parations (Johnson & Lardy, 1958). 

The optimum concentration of substrate suc- 
cinate is near 25 mm, the concentration at which it 
was used. At higher concentrations there was a 
decrease in activity (Table 7). A substrate inhibi- 
tion at a similar concentration has been reported 
for at least one other plant succinoxidase (Damo- 
daran & Venkatesan, 1941). 

The pH optimum of the succinoxidase, measured 
in solutions buffered with a mixture of 12-5 mm- 
tris-12-5 mM-phosphate, was between 6-8 and 7:2. 
The activity falls away steeply in the alkaline 
region so that it has half gone at pH 8. It falls 
away less steeply in acid pH values. The pH region 
of optimum activity is therefore similar to those 
for succinoxidases of bean seedlings (Damodaran & 
Venkatesan, 1941) and potato tubers (Millerd, 
1951). 
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Substances which have stimulated oxidations of 
organic acids catalysed by various plant extracts 
include glucose and hexokinase (Smillie, 1956a) and 
glutamic acid. These had no effect on the succin- 
oxidase of tobacco leaves. 

Small amounts (0-3ml.) of the supernatant 
fraction of tobacco leaves had no effect on the 
oxidation of succinic acid by the mitochondrial 
preparations, but they stimulated two- or three- 
fold the endogenous oxygen uptake of the prepara- 
tions. This endogenous stimulation was not 
destroyed by boiling the supernatant for a few 
minutes. It was probably due to the oxidation of 
the organic acids in the supernatant fraction. 


Oxidation of substrates of the tricarboxylic acid cycle 


Most of the substrates of the tricarboxylic acid 
cycle were oxidized, to various degrees, by the 
tobacco-leaf mitochondrial preparations. Although 
the relative activity towards different substrates 
varies somewhat with the preparation, the values 
recorded in Table 8 are typical. Succinate was the 
most actively oxidized substance, and fumarate 
and isocitrate were oxidized very slowly. 

Table 8 also shows how the addition of coenzyme 
A, thiamine pyrophosphate and diphosphopyridine 
dinucleotide affected these oxidations. All, except 
that of succinate, were stimulated two- to four-fold. 

Attempts to increase the low rate of fumarate 
oxidation were unsuccessful. They included altera- 
tion to the concentration of substrate and sucrose 
and the pH of the medium. The low oxidation rate 
of fumarate has already been remarked upon 
(Switzer & Smith, 1957). 


Oxidation of mixtures of substrates 


The presence of other oxidizable substrates 
during the oxidation of succinate did not increase 
the amount of oxygen absorbed. Often it depressed 
it slightly. Thus the rate of oxidation of mixtures of 
succinate (25mm) and citrate (25mm) was 90% 
of the rate of oxidation of succinate alone. Simi- 
larly the oxidation of malate and succinate was 
94% of the succinate value. This effect suggests 
that the oxidation of these substances have 
common steps, and that these are saturated during 
the oxidation of succinate. 

The increase in the oxygen uptake of tobacco- 
leaf extracts caused by the presence of pyruvate 
(25 mm) was a mere 5-8 % of that due to succinate. 
The addition of the cofactors used in Table 8, and 
small ‘sparker’ quantities (1-2mm) of malate, 
succinate or oxaloacetate did not alter this 
amount. Appreciable oxidation of pyruvate, 
‘sparked’ by one of the other substrates of the 
tricarboxylic acid cycle, was only obtained when 
the leaves were infiltrated with dilute ammonia 
solution, in vacuo, before grinding (Fig. 3). 
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Table 8. Oxidation of intermediates of the tri- 
carboxylic acid cycle by mitochondrial extracts of 
Nicotiana tabacum 


The mitochondrial preparations were made and tested for 
ability to oxidize these intermediates as described in the 
Experimental section. Oxidation was also measured in the 
presence of the additional cofactors thiamine pyrophos- 
phate (0-13 mm), diphosphopyridine dinucleotide (0-13 mm) 
and coenzyme A (13yuMm). Endogenous oxygen uptake, 
which was unaffected by the cofactors, was subtracted 
from the uptakes obtained with the substrates. The results 
are expressed as a percentage of that due to succinate in the 
absence of cofactors. 

Oxygen uptake 
in the presence 
Oxygen uptake of cofactors 
(% of succinate (% of succinate 
Substrate activity) activity) 
Succinate 100 109 
Fumarate 3 19 
Malate 37 100 
Oxaloacetate 0 0 
Citrate 31 64 
cis-Aconitate 30 61 
isoCitrate 4 13 
Oxalosuccinate 10 42 
a-Oxoglutarate 25 90 
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Fig. 3. Oxidation of pyruvate. Tobacco leaves (25 g.) were 
cleaned, shredded and immersed, in a desiccator, in 1 1. 
of cold aq. NH, soln. that had been adjusted to pH 8 with 
HCl. The desiccator was then evacuated for 30 min. at the 
water pump. The leaves were washed in water, blotted dry 
and a mitochondrial preparation was made from them. 
Samples of this preparation containing 0-85 mg. of pro- 
tein N were taken for the measurement of endogenous 
oxygen uptake (0), as well as uptake in the presence of 
25 mm-succinate (™), 25mM-pyruvate ([), 1-2mm-malate 
(A) and 25 mm-pyruvate plus 1-2 mm-malate (@). 
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Products of the oxidations 


In order to identify the products formed by the 
oxidation of the substrates, the reactions were 
stopped after 90-120 min. by adjusting to pH 2 
with HCl and heating for 1 min. at 100°. Denatured 
protein was then removed by centrifuging and an 
ether extract of the solution examined by paper 
chromatography. Controls were usually done on 
mitochondrial preparations that had been incu- 
bated without substrate, and a mixture of enzyme 
and substrate that had not been incubated. By this 
means it was shown that the oxidation of succinate 
gave rise to malate, and the oxidation of citrate 
gave rise to succinate and malate. 

When «-oxo acids were substrates, the boiling 
was omitted as it caused some decomposition. 
Even without it a slight decomposition of «-oxo- 
glutarate to succinate was observed in the un- 
incubated controls. It was, however, only a small 
fraction of the succinate formed on incubation. 
Malate and a trace of citrate were also formed on 
incubation. The products identified after the oxid- 
ation of oxaloacetate were malate and citrate. 

These experiments are consistent with the view 
that the substrates were being oxidized by one or 
more of the reactions of the tricarboxylic acid cycle. 
The formation of malate and citrate from oxalo- 
acetate was surprising in view of the lack of oxygen 
uptake in the presence of oxaloacetate (Table 8). 
It may, however, be due to a dismutation of the 
type 

3 oxaloacetate — citrate + malate + 2CO, 
This would involve no oxygen uptake and has been 
observed with the mitochondria of other plants 
(Avron & Biale, 1957). 


Table 9. Effect of malonate on oxidations 
by mitochondrial preparations 


Mitochondrial preparations were made from tobacco 
leaves as described in the Experimental section, and tested 
for oxidative activity at various concentrations of sub- 
strate and malonate. When citrate, «-oxoglutarate or 
malate was substrate the cofactors listed in Table 8 were 
present. Inhibitions of oxidative activity are calculated 
from the reductions in go, values. 
Substrate 

concen. substrate [nhibition 

(mm) malonate (% 

112-0 30 31 

25-0 6-6 68 

3-8 1-0 100 
1-3 45 
0-13 62 
0-15 68 
0-074 70 
1-3 2 
0-13 0 
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Effect of inhibitors on organic acid oxidations 

Malonate inhibited tobacco-leaf succinoxidase 
(Table 9), and the variation of the inhibition with 
the ratio of substrate to inhibitor suggests a com- 
petitive inhibition. The oxidation of at least two 
other substances of the tricarboxylic acid cycle, 
citrate and «-oxoglutarate, was inhibited by 
malonate although to a smaller extent than 
succinate. Malate oxidation was not at all affected. 
Presumably the amount of inhibition is a measure 
of the proportion of the oxygen uptake in these 
reactions which was mediated by succinic dehydro- 
genase. 

Potassium cyanide was also a potent inhibitor of 
succinoxidase. At a concentration of 10pm it 
inhibited by 75%, and at 0-1 mm inhibition was 
virtually complete. In these experiments the KOH 
in the Warburg flasks was replaced by the KOH- 
KCN mixtures designed to keep the concentration 
of cyanide in the incubation medium constant 
(Umbreit et al. 1949). Although this method is less 
satisfactory than those with Ca(CN),—Ca(OH), 
mixtures, Simon (1957) found that the error in- 
volved in using it was small. 

The succinoxidase was less strongly inhibited by 
sodium fluoride, a concentration of 12-5 mm being 
necessary for a 40-50% reduction in activity. It 
was not appreciably affected by diethyldithio- 
carbamate at concentrations up to 2 mm. 


Citrate content of tobacco leaves 


The suspensions made by grinding tobacco 
leaves in the extraction medium from which citrate 
had been omitted had a citrate concentration 
corresponding to 15-20m.-equiv. of citrate/kg. 
fresh weight of leaf. This agrees well with values 
found by Vickery & Palmer (1957). On fractiona- 
tion of the suspensions the great bulk (90-95 %) of 
this citrate went into the supernatant fraction. 
Very little (0-5-1-5%) was associated with either 
the chloroplast or mitochondrial fractions. This 
distribution was not altered by the inclusion of 
succinate, which has a stabilizing effect on the 
mitochondrial fraction succinoxidase (Table 3), in 
the extraction medium. 

.The amount of citrate released on disruption of 
the leaves was presumably too little to have 
maximal stabilizing effect on the succinoxidase. 
The citrate added in the extraction medium was 
usually five or six times this amount. 


DISCUSSION 


Cytoplasmic particles, whose appearance and 
staining properties suggest that they are mito- 
chondria, have been identified in leaves and other 
tissues of tobacco plants with both light (McGivern, 
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1957) and the electron microscope (Pallade, 1953). 
They have also been identified in extracts made by 
grinding tobacco leaves in a sucrose—phosphate 
medium (McClendon, 1952, 1953; Jagendorf & 
Wildman, 1954), where they were associated with 
cytochrome oxidase. None of these extracts, 
however, would bring about the oxidation of 
organic acids of the tricarboxylic acid cycle. 
Jagendorf & Wildman (1954) attributed this to 
unfavourable conditions in the isolation process. 

The results of the present work bear out this 
conclusion. Grinding the leaves exposes the 
enzyme systems to the action of acids and other 
inactivators contained in other compartments of 
the cells. Even when the leaves are ground in 
large amounts of extraction media, transient high 
concentrations of deleterious substances are likely 
to occur. Active systems which bring about the 
oxidation of organic acids by the reactions of the 
tricarboxylic acid cycle were only prepared in the 
presence of citrate and large amounts of buffer. The 
full nature of the protective action of these sub- 
stances is not understood, but it is evident that the 
protection was not complete. The requirement for 
added cytochrome c suggests some degree of mito- 
chondrial damage (Millerd, 1953), and the low 
citrate content may do so also (Schneider e¢ al. 
1956). Moreover a satisfactory ‘sparked’ oxidation 
of pyruvate was obtained only when the leaf 
acids were neutralized by ammonia infiltration 
before grinding. 

In a recent review (Steinberg & Tso, 1958) it was 
pointed out that not all the enzymes responsible for 
catalysing the tricarboxylic acid cycle have been 
detected in tobacco plants. The present evidence 
greatly supplements the data, obtained by Glock 
(1956) on etiolated tobacco seedlings, and suggests 
that the cycle could operate in intact leaves. 
Consistent with its operation are the metabolic 
relationships between the organic acids of cultured, 
excised leaves (Vickery & Palmer, 1957) and the 
light-reversed carbon monoxide inhibition of 
tobacco-leaf respiration (Kempner, 1936). But the 
proportion of the total respiration of the leaves 
which is mediated by the cycle is unknown. 


SUMMARY 


1. A succinoxidase preparation was made from 
tobacco leaves by grinding them in a medium 
containing sucrose, 2-amino-2-hydroxymethylpro- 
pane-1:3-diol, citrate, phosphate and ethylene- 
diaminetetra-acetic acid, and then centrifuging 
between 1000 and 10 000 g. Omission of any one of 
the components of the medium, except phosphate, 
brought about a decrease in succinoxidase activity 
which was greatest for citrate and decreasingly 
less for 2-amino -2-hydroxymethylpropane - 1:3 - 
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diol, sucrose and _  ethylenediaminetetra-acetic 
acid. 

2. These preparations contained the bulk of the 
succinoxidase of the leaf extract together with a 
third of the total chlorophyll and 15 % of the total 
protein nitrogen. Only a third of this sedimented 
protein nitrogen, corresponding to about 5 % of the 
protein nitrogen of the extract, was of non-chloro- 
plast origin. 

3. The conditions necessary for measuring 
maximal activity of these succinoxidase prepara- 
tions included the addition of cytochrome ce, 
sucrose and Mg?* ions. 

4. The oxidation of succinate was inhibited 
reversibly by malonate. It was inhibited strongly 
by cyanide, less strongly by fluoride and not at all 
by diethyldithiocarbamate. 

5. The preparations oxidized most of the acids 
of the tricarboxylic acid cycle; some of these oxid- 
ations were stimulated by mixtures of diphospho- 
pyridine nucleotide, thiamine pyrophosphate and 
coenzyme A. A ‘sparked’ oxidation of pyruvic 
acid was obtained only if the leaves were vacuum- 
infiltrated with dilute ammonia before being disin- 
tegrated. 

6. The products formed during the oxidation of 
these acids were other acids of the tricarboxylic 
acid cycle. 
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The Action of Certain Drugs on the Uptake of *P 
by Human Erythrocytes 


By J. L. H. LAITY*t 
Department of Pharmacology, The London Hospital Medical College, Turner Street, London, E.1 


(Received 4 September 1958) 


Apart from the uptake of a small fraction which is 
rapidly labelled, the uptake of phosphate by ery- 
throcytes is a temperature-dependent, probably 
enzymically regulated, process (Gourley & Gemmill, 
1950). There is some doubt whether the phosphate 
is first incorporated into the labile radicals of 
adenosine diphosphate and adenosine triphosphate 
(Gerlach, Fleckenstein & Gross, 1958) or is trans- 
ferred to these molecules from diphosphoglycerate 
(Prankerd & Altman, 1954). The energy for this 
uptake is generally attributed to glycolysis. A 
search has been made for suitable agents which 
might block the uptake of **P by interfering with 
the formation of either adenosine triphosphate or 
2:3-diphosphoglycerate. The results of these in- 
vestigations are reported in this paper. 


METHODS 


Action of drugs on phosphate exchange. Blood was ob- 
tained by venepuncture from healthy adult males. Clotting 
was prevented with solid heparin (Pularin brand, Evans 
Medical Supplies Ltd., 0-5 mg./ml. of blood). For each 
observation, 1 ml. of blood was added to 10 ml. of the 
following medium: NaCl 142mm, KCl 5-9mm, MgSO, 
1-5 mm, CaCl, 1-7 mm, NaH,PO, 0-5 mm, Na,HPO, 2-8 mm, 


* Mary Scharlieb Research Student of the University of 
London. 

{ Present address: The Christian Medical College, 
Ludhiana, Punjab, India. 


dextrose 56mm. Drugs were incorporated into the 
medium as required and when necessary the pH was re- 
stored to 7-4 with NaOH or HCl. pH was measured with a 
Universal pH meter (W. G. Pye Ltd.) calibrated with 
standard buffer solutions (National British Standard 
formula) pH 6-99 and 9-15. All treatments were carried out 
in duplicate and compared with a pair of untreated controls 
in each experiment. Immediately after adding the blood to 
the medium the flasks were incubated in a water bath at 
37°. After 60 min., 0-2 ml. samples of carrier-free [**P}- 
phosphate were added to each flask and after a further 
60 min. the contents of the flasks were poured into centri- 
fuge bottles at 0° and were centrifuged for 10 min. at 
1200 g in a refrigerated centrifuge. The supernatants were 
removed, the cells were haemolysed and digested with 
2-2 ml. of 60% (v/v) perchloric acid for 2 hr. The total 
phosphate and **P in the digest were then estimated. To 
find the specific activity of the whole suspension, 0-2 ml. 
samples of [**P]phosphate were added to two further 
controls. These were left at — 20° in order to haemolyse the 
cells. Samples were then taken and treated as above. 
Estimation of total phosphorus. Phosphorus was esti- 
mated by Allen’s (1940) method. The intensity of the blue 
colour, produced by the reduction of phosphomolybdic acid 
by 2:4-diaminophenol hydrochloride, was measured with a 
type H 760 Spekker absorptiometer (Hilger and Watts Ltd.) 
with Ilford 608 filters (maximum transmission 83% at 
70004). Cells 0-25 or 4-0 em. long were used, depending on 
the concentration of phosphorus being estimated. 
Estimations of radioactivity. **P was estimated with a 
liquid Geiger—Miiller counter (type M6, 20th Century 
Electronics Ltd.) and conventional counting equipment 
(Dynatron Radio Ltd.). The counts were corrected for 
background and for lost counts due to the resolving time of 
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the apparatus. No corrections were made for decay as all 
the estimates in each experiment were done within a period 
of 12 hr. and replicate counts were so arranged that the 
mean time of counting was practically constant. As **P 
has a half-time of 14-3 days, the decline in count in 12 hr. is 
approx. 25%: differences between replicates due to decay 
are included in the estimate of error of the experiment. 
Each sample was counted for a minimum of 10 000 counts, 
or for samples with very low activity for 5 min. 

Experiments in which the ®P wptake of the P fractions was 
estimated. The difference between these experiments and 
those described above were: 

(a) The volumes of blood and medium used were 2-5 and 
25 ml. respectively. 

(b) In some experiments, one control and two treated 
flasks were removed 15 min. after the addition of **P as well 
as those taken after exposure to tracer for 60 min. 

(c) The cells were washed as described above, and were 
then lysed with water (2 ml.) at 0°. Subsequent steps of the 
extraction process were carried out at 0° and with ice-cold 
reagents. Trichloroacetic acid [2 ml. of 32% (w/v) soln.] 
were added to the haemolysate. The mixture was ground 
thoroughly in the centrifuge bottle with a glass rod and 
centrifuged. The supernatants were poured into bottles 
suitable for freeze-drying. The protein precipitate was re- 
extracted twice with 10% trichloroacetic acid and, after 
centrifuging, each supernatant was added to the contents 
of the appropriate bottle. The extracts were then freeze- 
dried. The resulting solid was extracted with ether until no 
more acid could be removed. A volume (50 yl.) of ethylene- 
diaminetetra-acetic acid (0-1m) was added and the solution 
made up to 1 ml. with water. 

In order to obtain sufficient phosphate for analysis in 
each fraction, the extracts were run on to the base-line in 
the form of a strip 5 cm. long by 1 em. wide. After each 
addition of extract, the strip was dried in a stream of warm 
air from a hair-drier. In this way 180 yg. of total phos- 
phorus could be placed on the paper. The phosphate 
fractions were then separated by descending paper chro- 
matography at room temperature for 22 hr. with propanol— 
aq. NH, soln.—water (6:3:1, by vol.) (Hanes & Isherwood, 
1949). Phosphate esters were detected by the method of 
Neil, M., Walker, D. G. & Warren, F. L. (1957, personal 
communication). The chromatogram paper was dried in air, 
dipped in a solution of FeCl, (0-025 %, w/v, in acetone), re- 
dried in air and dipped in a«’-dipyridyl (0-1%, w/v, in 
acetone). After evaporation of the acetone the paper 
was exposed to moist sulphur dioxide to reduce the free 
iron to the ferrous form, which reacts with ««’-dipyridyl to 
give a pink colour, phosphates appearing as white areas. 

The extracts regularly separated into six fractions. Since 
the two fastest moving fractions contained insufficient 
phosphate to estimate by the method used and contained 
negligible radioactivity, no attempt was made to identify 
them. The remaining fractions were identified by com- 
paring their Rop values (distance travelled by fraction or 
marker relative to the distance travelled by orthophos- 
phate) with those of known markers run under identical 
conditions. In this way, the slowest moving fraction was 
identified as containing 2:3-diphosphoglycerate and 
fructose 1:6-diphosphate; the next was identified as 
adenosine triphosphate; the third contained inorganic 
phosphate and the fourth contained ethylenediaminetetra- 
acetic acid and hexose monophosphate. The last substance 
was identified by the method of Partridge (1949). 
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Estimation of total phosphorus and **P in fractions. A 
measured area of paper was cut out from the part which 
contained each fraction. This was then moistened with water 
and digested with 0-2 ml. of conc. H,SO, and 2-0 ml. of 
60% perchloric acid until the solutions were clear. The 
total phosphorus and **P were then estimated. 

In addition to the fractions, two paper blanks of 6-0 cm.? 
were cut out from apparently phosphate-free areas of each 
paper. These were treated in an identical manner and the 
total phosphorus/cm.? was’ estimated. The estimates of 
total phosphorus in the fractions were corrected according 
to the mean values of the blanks. 

Adjustment applied to the relative specific activity of the 
phosphate fractions. For various reasons the phosphate of 
each fraction is not labelled uniformly. It is possible that 
molecules near the surface of the cell are labelled earlier 
than those nearer the centre: this is unproven, but its 
possible importance in connexion with other elements has 
been indicated by Harris & Prankerd (1957). Within mole- 
cules the phosphate attached to C-3 of 2:3-diphospho- 
glycerate and the «-phosphate of adenosine triphosphate is 
unlabelled after incubation of erythrocytes with **P for 
more than 60min. (Prankerd & Altman, 1954; Gerlach et al. 
1958). There is no reason to expect different labelling in the 
present experiments, and the estimated relative specific 
activities have therefore been doubled for 2:3-diphospho- 
glycerate and multiplied by 1-5 for adenosine triphosphate, 
to allow for the unlabelled atoms. In addition to these causes 
of heterogeneity, 2:3-diphosphoglycerate was not separated 
from fructose 1:6-diphosphate: the fructose 1:6-diphosphate 
is unlikely to have been appreciably labelled by incubation 
with [**P phosphate for less than 2 hr. (Prankerd & Altman, 
1954) and probably contributed between one-third and 
one-tenth of the total phosphate of the spot (Prankerd & 
Altman, 1954; Rohdewald & Weber, 1956). 

As a rough correction for this unlabelled compound, the 
relative specific activity of 2:3-diphosphoglycerate was 
further multiplied by a factor of 3, making a total adjust- 
ment x3. A similar correction of the estimated relative 
specific activity of the inorganic phosphate because of the 
concurrence of adenosine diphosphate in the chromato- 
grams (Caldwell, 1953) has not been made because of un- 
certainty about the amount of adenosine diphosphate 
present. As one of the phosphate radicals of this compound 
was presumably unlabelled, the relative specific activity 
attributed to the inorganic phosphate probably errs 
somewhat on the low side. 

Experiments to investigate the action of drugs on glycolysis. 
Glycolysis was measured manometrically by the direct 
method of Warburg as described by Dixon (1951). Freshly 
taken human blood (1 ml., containing heparin, 0-5 mg./ml.) 
and saline (3 ml., containing NaCl 120 mm, KCl 5-9 mm, 
MgSO, 1-5 mm, CaCl, 1-7 mm, NaHCO, 25 mm, NaH,PO, 
1-2 mm, dextrose 5-6 mm) were placed in the main chamber 
of each of four Warburg flasks. The drug to be examined 
(in 1 ml. of the saline solution) was placed in the side arm of 
each of two flasks, and saline solution (1 ml.) in the side 
arm of each of the remaining pair of flasks as a control. Two 
thermobarometers were set up. The contents of the flasks 
were equilibrated with N, +CO, (95:5) for 15 min. at 37°. 
The flasks were shaken 120 times/min. and measurements 
of the change in gas volume at constant pressure were made 
at 10-20 min. intervals. After 60 min. the flasks were 
tipped and readings were continued for 2 hr. The readings 
were corrected for changes in the thermobarometer. 
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RESULTS 
Reliability of methods 


The recovery from plasma of added phosphate was 
examined. Phosphate, in amounts varying from 
15-5 to 62-0 ug. of total phosphorus, was added to 
plasma and the total phosphorus present was 
estimated as described above. After subtraction of 
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the total phosphorus present in untreated plasma, 
a recovery of 97+ 4-6 % (s.p.) of the added phos. 
phorus was obtained. The total phosphorus in the 
chromatograph paper was found by analysing a 
known area of treated paper. The mean phosphate 
content of forty-four blanks was 0-07 ng. of phos- 
phorus/cm.? of paper. The mean recovery (after 
correction for ee of total added phosphorus 


Table 1. Percentage exchange of snails of human erythrocytes at 37° 


Values presented in column 2 indicate phosphate compounds found in blood taken from healthy male adults and 
incubated at 37° for 75-120 min. Such small differences in phosphate content as occurred between the two times are 
included in the estimate of error. The two fastest fractions have not been mentioned in this table for the reasons stated 
above. They accounted for only 0-2% of total phosphorus. R.s.4., Relative specific activity (counts/min./yg. of phos- 
phorus in each fraction expressed = a percentage of counts/min./ug. of total phosphorus in the whole suspension). 
Overall R.s.4., R.S.4. obtained experimentally. Adjusted R.S.4., R.S.A. adjusted for unlabelled phosphorus (see text). 


Percentage of 15 min. R.S.A. 60 min. R.S.A. 
total P in fraction (means of four values) (means of 12 values) 
(mean of . A \ - A 
14 values) Overall Adjusted Overall 
*64-9+1-1 (s.z.) *0-8+40-2(s.z.) 1840-5 (s.E.) *4-7+0-48 (s.z.) 
20-4+0-5 5440-7 8-1+1-1 16-9 + 1-07 
11-2+0°8 5-9+0-8 5-9+0°8 15-4+0-87 15-4+0-87 
3340-4 1-0+0-2 1-0+0-2 2540-17 2540-17 
* These values represent the total phosphate and R.s.a. of the combined 2:3-diphosphoglycerate and fructose 1:6- 
diphosphate fractions. 


Phosphate 
fractions 
2:3-Diphosphoglycerate 
Adenosine triphosphate 

Inorganic phosphate 
Hexose monophosphate 





Adjusted 
11-0+1-12 (s.£.) 
25-4+1-61 


Table 2. Action of drugs on the gross phosphate wilhinai of h human erythrocytes 


Bold figures: difference between control and treated samplessignificant at 1% level. Italic figures: difference between con- 
trol and treated samples significant at 5% level. R.s.4., see Table 1. Figures in parentheses give the number of observations. 


Expt. 


no. Donor Treatment 


Conen. 
(mm) 


Total P mean-+s.k£. 
(ug-/ml. of cells) 


R.S.A. 
mean -+8.E. 


5 D.J. Nil 
Sodium thiopentone 
Sodium thiopentone 
Sodium pentabarbitone 
Sodium pentabarbitone 
Sodium barbitone 
Nil 
Sodium hexabarbitone 
Sodium hexabarbitone 
Sodium barbitone 
Urethane 
Urethane 
Nil 
Sodium thioquinalbarbitone 
Sodium thioquinalbarbitone 
Sodium quinalbarbitone 
Sodium quinalbarbitone 
Nil 
Sodium salicylate 
Sodium salicylate 
Phenylbutazone 
Nil 
2:4-Dinitrophenol 
Iodoacetic acid 
Sodium fluoride 
Nil 
2:4-Dinitrophenol 
Nil 
Ethanol 
Diethyl ether 
Chloroform 


6-7+0°15 
51-40-05 

544-1 424-3 (10) aka 
5-6+0°25 
| 6-8 0-20 
7-440-40 
7140-16 
58-40-14 
5540-10 
EE 2+0-20 
2+0-00 
60-40-05 
4-5 0-05 
3-20-20 
5-6 40-00 
5-14 0-10 
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Table 3. Effect of drugs on exchange of major phosphate fractions 


531 


All estimates are based on duplicate samples. Bold figures: difference between control and treated sample significant at 
1% level. Italic figures: difference between control and treated sample significant at 5% level. n.s.a., see Table 1. 


R.S.A., Mean+S.E. 
A a 





¢ 


~ 


Expt. 2:3-Diphos- Hexose 
no. Treatment phoglycerate ATP Inorganic PO, monophosphate 
8 Nil 2-2+0-05 13-0+0-0 12-8+0-4 2-6+0-15 
Sodium thiopentone (0-5 mm) 11+40-0 8-8+0-15 11-0+0°3 1-7+0-16 
Sodium salicylate (5-0 mm) 11+0-05 6340-7 8540-7 1-6+0-4 
9 Nil 5-9+40-3 17-9+40-8 14-2+41-1 3341-1 
2:4-Dinitrophenol (0-5 mm) 3340-2 7940-9 7-2+1-6 — 
11+01 3-340-1 3-0+0-2 _— 


Phenylbutazone (2-0 mm) 


Table 4. Action of drugs on glycolysis in human erythrocytes incubated at 37° in Krebs solution 
Gas phase: N, +CO, (95:5). 


Conen 

Drug (mm) 
Sodium thiopentone 0-5 
Sodium salicylate 5-0 
Sodium fluoride 20-0 


100 x io. of CO, by treated ) 


~ Production of CO, by controls 
(Mean +s.z.*) 
106-7 + 6-7 
107-0+1°5 
0-0 


* Duplicate estimates. 


and *2P from each of twenty-three chromatograms 
was 98+ 11% (s.p.) and 103 + 11-8 % respectively. 
It therefore appears that the methods described 
above for estimating the total phosphorus and 
#P in each fraction on the chromatograms are 
reasonably reliable. 


Distribution of phosphorus and **P in fractions 


About 65 % of the total acid-soluble phosphorus 
was found in the fraction which contained 2:3- 
diphosphoglycerate and fructose 1:6-diphosphate: 
20% as adenosine triphosphate; 11 % as inorganic 
phosphate and adenosine diphosphate and 3% as 
hexose monophosphate. The amount of phos- 
phorus in these fractions did not change in incuba- 
tion between 75 and 120min., and has been 
assumed constant during the period of exposure to 
[**P]phosphate. Sixty minutes after adding [®?P]- 
phosphate to the medium, the mean percentage of 
total intracellular phosphate exchanged was 
6-9+0-9 (s.D., m 17). Adenosine triphosphate was 
more heavily labelled than any other fraction 
(Table 1). 

Effect of drugs. Agents found to depress the 
uptake of [°*P]phosphate are shown in Table 2, 
and include barbiturates, chloroform, sodium 
salicylate, phenylbutazone, dinitrophenol and 
iodoacetate. Substances found to be inactive were 
urethane (8mm), ethanol (0-25m), diethyl ether 
(002m), sodium fluoride (5mm), promethazine 
hydrochloride (0-05 mm), lysergic acid diethyl- 
amide (0-01 mm), cocaine hydrochloride (0-1 mm), 
chlorpromazine hydrochloride (0-1mm) and 6- 
phosphogluconate (0-1 mm). 


Action of drugs on the exchange of the major phos- 
phate fractions. Sodium salicylate and sodium 
thiopentone depressed the **P uptake into 2:3- 
diphosphoglycerate and adenosine triphosphate 
more than that into the cellular inorganic phos- 
phate fraction and hexose monophosphate. Neither 
drug affected the size of these fractions. Similar 
effects were seen with 2:4-dinitrophenol and phenyl- 
butazone (Table 3). 

Effect of drugs on glycolysis. Neither sodium 
thiopentone nor sodium salicylate had any effect 
on glycolysis (Table 4), whereas sodium fluoride 
completely inhibited this process in human 
erythrocytes. 


DISCUSSION 





Present estimates of the sizes of the fractions of the 
erythrocyte acid-soluble phosphate are compared 
with other published values in Table 5, and are in 
reasonable agreement with those already reported. 
Variation in uptake on different occasions (Table 2) 
may be due to differences between donors or to 
some other variation in experimental conditions; 
insufficient experiments were performed to settle 
this point. Of the various fractions, adenosine 
triphosphate is most heavily labelled after incuba- 
tion for 15 and 60 min. This is in agreement with 
the results of Gourley (1952), Hoffman-Credner 
(1955) and Gerlach et al. (1958). It is therefore 
likely that adenosine triphosphate is the precursor 
of the other cell-phosphate fractions, presumably 
being formed by the combination of the inorganic 
phosphate of the medium with adenosine diphos- 
phate or adenosine monophosphate. If adenosine 
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triphosphate were formed by the reaction of 
adenosine diphosphate and 1:3-diphosphoglycer- 
ate, as Prankerd & Altman (1954) suggest, it would 
be expected that inhibitors of triose phosphate 
dehydrogenase would reduce the uptake of [*?P]- 
phosphate by 2:3-diphosphoglycerate, with which 
the 1:3-diphosphoglycerate is assumed to be in 
equilibrium. It is unlikely that salicylate acted in 
this way, although it has been reported to inhibit 
triose phosphate dehydrogenase of muscle (Lutwak- 
Mann, 1942), because in the highest concentrations 
used here (5mm) it did not depress glycolysis. 
Similarly, the uptake of [°?P]phosphate by barbi- 
turates took place without inhibition of glycolysis, 
and it follows that phosphate uptake partly at 
least depends on some other process. The barbi- 
turates and salicylates have been described as un- 
coupling agents of oxidative phosphorylation 
(Brody, 1955), and the effect of the classical un- 
coupling agent, 2:4-dinitrophenol, was therefore 
examined. This drug, and also phenylbutazone 
(reported by Adams & Cobb, 1958 to act as an un- 
coupling agent), acted like sodium salicylate and 
sodium thiopentone. It is reasonable to suppose 
that all these drugs inhibit the uptake of **P by 
uncoupling oxidative phosphorylation. It is 
possible, on the other hand, that they prevent the 
diffusion of phosphate into the cells, perhaps by 
blocking rnembrane pores. This possibility has not 
been excluded experimentally. 

The difference in potency between the thio- 
barbiturates and their corresponding oxy-ana- 
logues reported above may be due to differences in 
the amount of drug fixed by erythrocytes. Gold- 
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baum & Smith (1954) found that homogenates of 
rabbit erythrocytes took up twice as much thio- 
pentone as they did pentobarbitone. Such differ- 
ences may be related to their relative fat solubility. 
Body fat takes up five to six times as much thio- 
pentone as it does pentobarbitone. Thiopentone 
has an oil—water coefficient which is 11 times that 
of pentobarbitone (Mark et al. 1958). Since eryth- 
rocyte membranes are composed mainly of lipo- 
protein, it is probable that the difference in activity 
between the thiobarbiturates and their oxy- 
analogues is due to differences in their fat-solu- 
bility. 
SUMMARY 


1. The uptake of inorganic radioactive phos- 
phate by fresh human erythrocytes has been 
observed over a period of 60 min. 

2. Cell-phosphate fractions have been separated 
by paper chromatography and the total phosphate 
and **P contents of four fractions were estimated: 
(a) 2:3-diphosphoglycerate and fructose  1:6- 
diphosphate; (b) adenosine triphosphate; (c) in- 
organic phosphate; (d) hexose monophosphate. 

3. Adenosine triphosphate was more heavily 
labelled than the other fractions at 15 and 60 min. 
after the addition of tracer. 

4. Sodium thioquinalbarbitone (0-25 mm), so- 
dium thiopentone (0-25 mm), sodium quinalbarbi- 
tone (0-25 mm), sodium pentobarbitone (1-0 mm), 
sodium hexobarbitone (2-0 mm), phenylbutazone 
(2-0 mm), 2:4-dinitrophenol (0-5 mm), iodoacetate 
(0-5 mm) and chloroform (0-02m) reduced the 
phosphate exchange. 


Table 5. Phosphate content of the fractions of human erythrocytes according to several authors 


Where there are two lines of figures, the first line is the mean and the second is the range or the standard error. Where 
no range is given the values are calculated mean percentages. Dashes indicate that the substance was not sought. Separa- 
tion methods: 1, differential solubility of barium and magnesium salts and hydrolysis; 2, paper chromatography of acid 
extract; 3, paper chromatography of neutral extract. ATP, adenosine triphosphate; ADP, adenosine diphosphate; 
F1:6-DP, fructose 1:6-diphosphate; HMP, hexose monophosphate; 2:3-DPG, 2:3-diphosphoglycerate. 


Percentage of total acid-soluble phosphate of erythrocytes 
A 





Separation — 


Y 
Reference method ATP ADP Inorganic PO, F1:6-DP HMP 2:3-DPG 
Gourley (1952) 1 32-2 Not 7-9 Not 13-0 34-3 
detected detected 
Prankerd & 2 13-5 6-5 19-3 4-4 Not 55-2 
Altman (1954) 11-2-14-5 5-5-7-7 14-9-24-5 3-5-5-6 detected 48-9-58-0 
Rohdewald & 3 26-3 Not 14-0 17-0 Not 39-0 
Weber (1956)* 21-7-32-9 detected 11-2-18-0 4-0-27-0 detected 26-5-49-0 
Gerlach, Flecken- 2 16-7 40-54 4-69 +0-22 2-02+0-22 6-98+0°33 Not 58-13+0-70 
stein & Gross detected 
(1958) 
Whittam (1958) 2 16-7 6-0 —_ — eo 57-2 
Present author 3 20-4+0°5 Not 11-2+0°8 _— 3-3+0-4 64-9+1-1+ 
(S.E.) detected (S.E.) (S.E.) (S.E.) 


* These values are for whole blood. 
} This fraction contains 2:3-diphosphoglycerate and fructose 1:6-diphosphate. 
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5. Sodium salicylate and sodium thiopentone 
depressed the **P uptake of 2:3-diphosphoglycerate 
and adenosine triphosphate to a greater extent than 
they depressed the **P exchange of inorganic phos- 
phate and hexose monophosphate. These agents do 
not depress **P uptake by inhibiting triose phos- 
phate dehydrogenase, for neither drug had any 
effect on glycolysis. The effects of 2:4-dinitrophenol 
and phenylbutazone resembled those of sodium 
salicylate and sodium thiopentone on the *#P 
uptake of the phosphate fractions. 
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Experiments on the Origin of Oak-Bark Tannin 


By D. E. HATHWAY 
The British Leather Manufacturers’ Research Association, Milton Park, Egham, Surrey 


(Received 5 August 1958) 


In earlier work (Hathway, 1958), it was concluded 
that the pyrogallol phenols are formed in oak 
leaves, translocated to the cambium and undergo 
oxidation there, and the resulting phlobatannin 
(which is a tail-to-tail polymer) is stored in the 
outer bark. In the present work an attempt has 
been made to study more closely the origin of 
‘tannins’ in Quercus pedunculata Ehrh. Field 
experiments, which have been carried out through- 
out two seasons, were planned to throw light on 
(1) variation in the tannin content of stembark 
with age, (2) disturbances in the normal distribu- 
tion of tannin in stembark, brought about by the 
ringing of the bark, (3) the translocation of phenolic 
precursors of the tannin in the sieve tubes of the 
phloem. 


MATERIALS AND METHODS 


Determination of the tannin in stembark. Young plants 
were obtained as required from Alice Holt nurseries, and 
the ages are calculated approximately from the time of the 
first transplantation. The entire stembark of each plant 


was deteched, dried to a 10% moisture content, and ground 
in a Wiley mill to 20-mesh. A portion of the bark was used 
for the analysis of moisture, and of tannin and non-tannin 
extractives by Grassmann, Endisch & Kuntara’s (1951) 
semi-micro hide-powder method. Three different plants 
were utilized at 3-monthly intervals. 

With older trees in the Forest of Dean, slivers of bark 
were detached from all sides of the main stem within a ring 
stretching from 3 to 4 ft. from ground level. The slivers 
were mixed and a representative sample was selected for 
analysis. Three different trees on each site were peeled in 
this way at 3-monthly intervals. 

Method of ringing trees. During the first week in June 
1957, two trees were selected on each site in Alice Holt 
forest, Hants, for bark-ringing experiments, and two 
further trees on each site for use as controls. A 6 in. ring of 
bark was detached at 1 ft. from ground level; care was taken 
not to impair the sapwood. All eight trees were felled during 
the last week in May 1958, when a sample of bark was 
immediately detached from the butt and crown of the main 
stem of each tree. Samples of stembark from the butts of 
the trees were detached from a cylinder, 1 ft. in height, 
immediately above the girdles on the ringed trees and from 
the corresponding location on the main stems of the 
controls. Samples of stembark from the crowns of the 
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trees were detached from a cylinder, 1 ft. in height, stretch- 
ing from 6 in. below to 6 in. above a 3 in. exterior diameter 
of the main stem. The sixteen samples of bark were labelled 
in the field and slowly kiln-dried at 40° to a moisture 
content of 10-12%, at the Seasoning Department of the 
Forest Products Research Station, Princes Risborough, 
near Aylesbury, Bucks. 

In the trees in the two foregoing experiments, a portion 
of the prepared stembark was ground in a Wiley mill to 
20-mesh, and was used for the analysis of moisture, and of 
tannin and non-tannin extractives (Official Methods of 
Analysis, 1957). 

Collection of sieve-tube exudate. Sieve-tube exudate was 
collected by cutting into the inner bark of the main stem of 
28-year-old trees with a sharp knife. The trees selected 
were growing in a plantation in Alice Holt forest, and 
tapping cuts were made during July 1958. The outer bark 
was removed, and when the tapping cut penetrated the 
region of the functioning sieve tubes, which are located at 
a fraction of 1mm. outside the cambium, there was an 
immediate exudation. If the knife was again passed along 
this cut, with the application of only slight pressure, the 
xylem was severed, and since this tissue was under sub- 
atmospheric pressure the exudate was immediately with- 
drawn with a hissing sound. When a second tapping cut is 
applied above the first one, it always yields exudate, where- 
as a second cut below the first one fails to effect exudation. 
Samples of exudate were transferred direct to previously 
prepared two-dimensional paper chromatograms, or they 
were collected in a small, stoppered test tube and im- 
mediately frozen in a freezing mixture contained in a 
Thermos flask. 

Paper chromatography of translocation phenolics. Paper 
chromatography was carried out in all-glass apparatus in a 
constant-temperature enclosure at 25°. Chromatograms 
were dried at room temperature. 

Sieve-tube exudate was spotted (5 x 5yl.) at a distance 
of 2 cm. from both edges of the lower left-hand corner of 
Whatman no. 2 filter papers, 25-5 cm. square, and chro- 
matographed by the ascending method with 6% (v/v) 
acetic acid containing 2% (v/v) formic acid as a first-way 
solvent system, and butan-2-ol-acetic acid—water (14:1:5, 
by vol.) as the second-way solvent system. Phenolics were 
detected by the FeCl,;-K;Fe(CN), and vanillin reagents 
(Hathway, 1958). 

Isolation of catechins. Frozen sieve-tube exudate was 
thawed and applied to starting lines, 2 em. from the lower 
edges of Whatman filter papers no. 3MM, 25-5 cm. square, 
and chromatographed by the ascending method with 
butan-2-ol-acetic acid—water (14:1:5, by vol.) for 20 hr. 
Longitudinal strips were cut from each paper and sprayed 
in order to locate (+)-catechin and (+)-gallocatechin on 


D. E. HATHWAY 


1959 


the unsprayed papers, which were then cut into transverse 
strips for elution with boiling ether in micro-Soxhlet 
apparatus. The respective solutions of the considerably 
purified substances were applied to single sheets of What- 
man filter paper no. 3MM, which were chromatographed, 
excized and eluted as previously described. (+ )-Catechin 
crystallized from hot water, forming needles, m.p. and 
mixed m.p. with an authentic specimen 173-175°. (+). 
Gallocatechin crystallized from hot water, forming needles, 
m.p. and mixed m.p. with an authentic specimen (Hathway, 
1958) 189-191°. 

An aqueous extract of the phenolics of oak leaves. Mature 
sun leaves, harvested in July, were homogenized in ice-cold 
80% methanol. The aqueous solution obtained after 
removal of chlorophyll and related compounds (Hathway, 
1958) was used for chromatography. 


RESULTS 


Experiments were first carried out to determine 
whether the tannin content of the stembark varied 
during the season otherwise than as a result of 
increased age. For this purpose 6- and 8-year-old 
plants were investigated periodically from October 
until the following August. Each series of exami- 


nations involved different plants, and mean 
values are summarized in Table 1. In young 


plants, tannin accumulates during the period of 
active photosynthesis, and the enhanced level is 
maintained until the following spring. Thus 8- 
year-old plants contain more tannin in the stem- 
bark than 6-year-old plants. 

In a second experiment, a number of older trees 
(from 50 to 100 years old) were investigated period- 
ically from May until the following February. 
Each series of estimations was carried out on the 
butt regions of the stembark of different trees which 


Table 1. Mean values showing the seasonal variation 
of tannin in stembark 


Tannin (%) on 
moisture-free bark basis 


ee 
6-year- 8-year- 
Date Site old plants old plants 
Oct.—Dec. 1956 | 3-1 3°8 
Jan.—Mar. 1957 | Alice Holt 3-1 3°8 
Apr.—May 1957 | nurseries Ge 3-9 
June—Aug. 1957 3°8 4:5 


Table 2. Seasonal variation of tannin in the stembark of older trees 


Age Height 
Site (years) (m.) 
Forest of Dean 50 13-7 
Blakeneyhill Woods 50 15-3 
50 15:3 
Forest of Dean 60 15-3 
Russell’s Inclosure 60 15-3 
90 15-9 


Tannin (%) on moisture-free bark basis 
nm 





a 
‘May 1956 Aug. 1956 Nov. 1956 —“Feb. 1957 
113 12-5 10-1 8-0 
16-1 16-1 148 13-0 
11-9 12-3 13-1 10-0 
8-9 9-2 76 10-0 
6-9 7-2 5-4 80 
8-9 8-9 8-9 8-7 
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grew on two sites in the Forest of Dean. The values 
of the tannin analyses of all 24 trees are sum- 
marized in Table 2. Statistical analysis of these 
results shows that in trees of this age the observed 
seasonal variation is probably not significant. The 
marked differences between the tannin contents of 
trees which grew in the different localities are, 
however, significant. It is probable that, in the 
older trees, an increase in the tannin content of the 
bark tissue with increase in age is balanced by an 
increase in the (dead and living) bark tissue, with 
a result that the level remains without any 
significant variation throughout the season. 

The effect of ringing on the distribution of tannin 
in stembark has been investigated on two sites in 
Alice Holt forest. Field experiments were com- 
menced during the first week in June 1957, and 
terminated during the last week in May 1958. In 
this experiment, a 6 in. ring of bark was removed 
from the main stem of some 34-year-old trees, 
without damaging the sapwood. The leaves of 
the ringed oak trees turned colour very rapidly 
during autumn and, at the time of felling, shoots 
below the ring showed good bud formation and 
green leaves, whereas those shoots above the ring 
showed poorer bud formation, and carried either 
relatively few leaves which were ill-developed and 
red in colour or they were leafless. The red leaves 
contrasted with the luxuriant foliage of the con- 
trols. Tannin analyses of stembark derived from 
the butt and crown locations on the main stem are 
summarized in Table 3. Where the surviving trees 
showed leaf formation above the ring, analysis 
showed a high figure for extractable tannin above 
the girdle when compared with figures for the 
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corresponding tissue of unringed trees of this age. 
Tannin analyses exceeding 17% have not pre- 
viously been recorded for oak bark. For these 
trees, the difference in tannin content between the 
butt and crown is significantly greater than the 
corresponding difference in the controls. The fourth 
tree on each site had died before the end of the 
experiment, and the resulting low tannin contents 
agree in our experience with those obtained for 
bark which has undergone deterioration on the 
felled pole. 

In order to determine whether tannin or its 
phenolic precursors is translocated by the sieve- 
tube cells of the phloem, the sieve-tube system of 
growing trees was tapped by cutting into the bark 
and the exudate obtained was applied direct to 
two-dimensional chromatograms, which showed 
the presence of six phenolics which gave the vanil- 
lin reaction. Compounds 1, 2 and 3 were found in 
the ethyl acetate-soluble fraction from oak bark by 
Hathway (1958); compound 2 was leucodelphinidin. 
Compounds 4 and 5, which were found in the ether- 
soluble fraction from oak bark by Hathway (1958), 
are (+)-gallocatechin and (+)-catechin respec- 
tively. The nature of compound 6 is unknown. 
Sieve-tube exudate therefore contains several 
phenolics of the bark, including the phenolic pre- 
cursors of oak-bark tannin. The corresponding 
chromatogram of the methanolic extract derived 
from leaves (Hathway, 1958) shows that not all 
the phenolics which originate there are translocated 
in the sieve tubes, and in this respect the absence of 
ellagic acid and flavonoid compounds from the chro- 
matogram of sieve-tube exudate is noteworthy. 
Ellagic and gallic acid do not occur in oak bark. 


Table 3. Effect of ringing on the distribution of tannin in stembark 


Tannin 
(%) on 
Age Location moisture-free 
Forest Site Tree (years) on stem bark basis 
Alice Holt 1 Control 34 Crown 12-7 
Butt 14-2 
Control 34 Crown 14-9 
Butt 16-3 
Bark ringed in June 1957 34 Crown 14-7 
(this tree survived) Butt 18-1 
Bark ringed in June 1957 34 Crown 10-6 
(this tree died) Butt 11-6 
2 Control 34 Crown 11-0 
Butt 12-5 
Control 34 Crown 14-3 
Butt 15-8 
Bark ringed in June 1957 34 Crown 14-0 
(this tree survived) Butt 17-2 
Bark ringed in June 1957 34 Crown 11-9 
(this tree died) Butt 12-5 
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DISCUSSION 


Young plants do not show any significant variation 
in the tannin content of stembark, except for the 
progressive increase with increase in age, whereas 
in the older trees increase in tannin content of the 
bark with increase in age is balanced by an in- 
crease in the dead and living elements of the bark 
tissue. This suggests that the tannin undergoes 
further chemical changes in the dead elements of 
the outer bark, and this suggestion is confirmed by 
the work of Grassmann & Kuntara (1941), who 
found that the stembark of trees which were 100— 
150 and 200 years old contained less extractable 
tannin than that of 50-year-old trees, but that the 
level of tannin, soluble in aqueous sodium hydrogen 
sulphite, did not diminish with increase in age. This 
conclusion appears more reasonable than an 
assumption that the tannins participate in the 
metabolism of the tree, as would be implied by a 
statistically significant seasonal variation. Where 
observations have been confined to only one or two 
trees, however, a seasonal variation has previously 
been suggested for bark from Quercus laevis Walt. 
(Rogers, Calderwood & Beebe, 1950), Picea sit- 
chensis Carriére and Tsuga heterophylla Sarg. 
(Clark & Andrews, 1921). 

The results of the present study are consistent 
with the progressive increase in alkaloid content 
with increase in age of such alkaloid-containing 
plants as Berberis darwinii (Cromwell, 1933). 

In the late seventeenth century, Malpighi’s 
ringing experiments demonstrated that bark need 
not be present for the upward conduction of water, 
but must be present for the downward transloca- 
tion of food (Thomas, Ranson & Richardson, 1956). 
As far as we are aware, the effect of ringing on the 
distribution of tannin in stembark has not, how- 
ever, been previously studied. The work of Mason 
& Maskell (1928, 1929, 1934) established that 
continuity in the sieve-tube system in the bark is 
essential for the downward translocation of 
carbohydrates and nitrogenous substances. The 
trees on which our ringing experiments were made 
quickly lost their capacity for growth, and the 
leaves on the branches above the ring showed 
ageing. It was found that in the surviving trees 
the stembark tannin accumulated above the girdle. 
The possible translocation of tannin or its phenolic 
precursors in a downward direction (Hathway, 
1958) therefore appears to be checked by the 
removal of the ring of bark. Unfortunately, these 
experiments do not elucidate the problem of the 
possible translocation of tannin or its precursors, 
as the high value for the tannin in the stembark 
above the ring may be due to obstruction of the 
downward translocation of tannin or to an in- 
crease in the formation of tannin resulting from an 
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accumulation of the phenolic precursors in close 
proximity to the oxidase of the cambium. 

For this reason, tapping cuts were made into the 
sieve-tube system of living trees by the method of 
Hartig (1860), and exudate was collected. There is 
plenty of evidence that the exudate obtained in 
this way is translocated material. Thus Hartig 
found that a second cut always yields exudate when 
it is applied above the initial one, but a second cut 
made below the first one fails to effect exudation. 
Miinch (1930) found that sieve-tube turgor is 
released for a distance of several metres above a 
tapping cut. Finally, Ziegler (1956), who intro- 
duced hexoses into the bast of Robinia pseudacacia 
L., found them in the exudate below but not above 
the point of application. It should, however, be 
stated that slight contamination of the exudate 
from adjacent tissue cannot be excluded, though no 
exudation occurs until the actual sieve-tube 
system is tapped, and as the exudate is immedi- 
ately transferred, the degree of contamination is 
considered to be extremely small. Zimmermann 
(1957, 1958) has recently used this method for the 
analysis of carbohydrates translocated in the sieve 
tubes of dicotyledonous trees. In the present work, 
exudate obtained in this way was found to contain 
several of the phenolics which had previously been 
found in the bark, including the phenolic pre- 
cursors of oak-bark tannin. All the phenolics 
which originate in the leaves do not appear to be 
translocated in the sieve-tube system; ellagic acid 
and the flavonoids are conspicuous exceptions. In 
this connexion, the recently developed method 
(Kennedy & Mittler, 1953; Mittler, 1953, 1958) of 
using cut-off aphid stylets for obtaining sieve-tube 
translocation material is not applicable to older 
trees in which the sieve-tube system is protected 
by a thick layer of outer bark. 

The evidence suggests that the pyrogallol 
phenols [(+)-gallocatechin and leucodelphinidin], 
which are formed in oak leaves, are translocated by 
the sieve-tube system to the cambium and undergo 
oxidation there, and the resulting phlobatannin, 
which was previously shown to be a tail-to-tail 
polymer (Hathway, 1958), is stored in the bark. 
The high level of tannin in ringed stembark there- 
fore results from an accumulation of the phenolic 
precursors which undergo aerobic oxidation in the 
presence of cambial oxidase. 


SUMMARY 


1. In Quercus pedunculata, the tannin appears 
to be a waste product of metabolism, for it is 
localized in stembark tissue which does not partici- 
pate in metabolic activities, and which is made up 
principally of dead elements. 

2. In young plants, tannin accumulates during 








1959 


1 close 


ito the 
hod of 
here is 
ned in 
Hartig 
2 when 
nd cut 
lation. 
gor is 
bove @ 

intro- 
lacacia 
above 
yer, be 
xudate 
ugh no 
e-tube 
nmedi- 
tion is 
rmann 
for the 
e sieve 
; work, 
ontain 
y been 
ic pre- 
enolics 
r to be 
ic acid 
ms. In 
nethod 
958) of 
re-tube 
» older 
tected 


-ogallol 
inidin], 
ited by 
ndergo 
tannin, 
-to-tail 
> bark. 
: there- 
henolic 
| in the 


ippears 
r it is 
partici- 
ade up 


during 








Vol. 71 


the period of active photosynthesis and growth, 
and the enhanced level is maintained until the 
following spring. In the older trees, this pro- 
gressive increase in tannin content with increase in 
age is balanced by increase in the dead and living 
bark elements, with the result that the level 
remains without apparent variation throughout the 
season. This suggests that the tannin undergoes 
further chemical changes in the dead elements of 
the outer bark. 

3. The effect of ringing experiments on the 
normal distribution of tannin in the stembark of 
mature trees shows an accumulation of tannin 
above the girdle, suggesting that synthesis has 
taken place from phenolic precursors which are 
normally translocated downwards from the leaves. 

4. Examination of the exudate obtained by 
tapping the sieve-tube system of growing trees 
shows the presence there of many of the phenolics 
found in the bark, including the pyrogallol pre- 
cursors [( + )-gallocatechin and leucodelphinidin] of 
oak-bark tannin. 

5. The evidence suggests that these pyrogallol 
phenols, which originate in the leaves, are trans- 
located by the sieve-tube system to the cambium 
and undergo oxidation there, and the resulting 
phlobatannin is stored in the bark. 
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Substrate Specificity of Phosphoprotein Phosphatase from Spleen 


By T. A. SUNDARARAJAN anp P. S. SARMA 
University Biochemical Laboratory, Madras-25, India 


(Received 17 July 1958) 


Recent investigations from several Laboratories 
have revealed the presence, in mammalian tissues, 
of an enzyme system for the dephosphorylation of 
phosphoproteins, which appears to be distinct from 
phosphomonoesterases (Feinstein & Volk, 1949; 
Norberg, 1950; Mattenheimer, 1953; Thoai, Roche 
& Pin, 1954; Sundararajan & Sarma, 1954, 1957). 
Evidence for the specific nature of the enzyme has 
largely been based on its inability to split p- 
glycerophosphate, a typical phosphomonoester 
substrate. A detailed study of the substrate 


specificity of this enzyme is warranted in view of 
the recent observation of Perlmann (1955) that 
phosphoproteins containing phosphomonoester 
linkages are susceptible to dephosphorylation by 
phosphomonesterases. The present paper describes 
the results of an investigation on the specificity of 
highly purified preparations of phosphoprotein 
phosphatase from ox spleen towards a number of 
substrates representing different types of phos- 
phorus linkages. As a parallel study, the specificity 
of a partially purified preparation of the enzyme 
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from rat spleen has also been investigated. These 
studies indicate that the mammalian enzyme 
possesses a wide substrate specificity, since it 
readily dephosphorylates a variety of compounds 
containing pyrophosphate 
hydrolyses the phosphomonoesters of phenol and 


linkages and also 


p-nitrophenol. 

While the manuscript of this paper was in pre- 
paration, the attention of the authors was drawn to 
a publication of Hofman (1958), who reported 
essentially similar results with a partially purified 
enzyme from ox spleen. The present paper provides 
evidence of a more conclusive nature for the 
identical characteristics of the enzyme system de- 
phosphorylating the various substrates. 


MATERIALS AND METHODS 


Enzymes. Purification of phosphoprotein phosphatase 
from ox spleen was effected by a modification of the pro- 
cedure published earlier (Sundararajan & Sarma, 1954) and 
the details are given below. Rat-spleen phosphatase was 
prepared according to Sundararajan & Sarma (1957). 

Protein substrates. Casein was prepared by the method 
of Van Slyke & Baker (1918). The preparation of B-casein 
was carried out according to Hipp, Groves, Custer & 
McMeekin (1952), with urea as fractionating agent. Phos- 
vitin was prepared from egg yolk according to the method 
of Mecham & Olcott (1949). Phosphopeptone was pre- 
pared from f-casein by digestion of the protein with 
crystalline trypsin (Worthington Biochemical Co., N.J., 
U.S.A.) according to the method of Peterson, Nauman & 
McMeekin (1958). The preparation thus obtained appeared 
to be electrophoretically homogeneous. 

Phosphomonoesters. Substrates employed for the detec- 
tion of phosphomonoesterase activity were: f-glycero- 
phosphate (British Drug Houses Ltd.); phenyl phosphate 
(disodium salt), p-nitrophenyl phosphate (disodium salt) 
and phenolphthalein phosphate (which were generous gifts 
of Sigma Chemical Co., St Louis, Mo., U.S.A.); O-phos- 
phorylserine, kindly supplied by California Foundation for 
Biochemical Research, Los Angeles, U.S.A.; glucose 1- 
phosphate (dipotassium salt), glucose 6-phosphate (barium 
salt), fructose 6-phosphate (barium salt) and fructose 1:6- 
diphosphate (barium salt), all purchased from Schwarz 
Laboratories Inc., New York, U.S.A. 

Pyrophosphate esters. Sodium pyrophosphate (Bakers 
Analysed, J. T. Baker Chemical Co., Phillipsburg, N.J., 
U.S.A.) was employed for detection of pyrophosphatase 
activity. Adenosine triphosphate (ATP) was obtained asthe 
disodium salt from Pabst Laboratories, Milwaukee, U.S.A. 
Thiamine pyrophosphate hydrochloride was a product of 
Hoffman—La-Roche and Co., Basle, Switzerland. 

Phosphoamides. Creatine phosphate and N-phosphory]- 
pL-phenylalanine methyl ester were kindly supplied by 
Dr Si-Oh-Li. 

Phosphodiesters. Diphenyl phosphate, a generous gift 
from HM Chemical Co., Calif., U.S.A. and p-bis(nitro- 
phenyl) phosphate (calcium salt), kindly supplied by 
Sigma Chemical Co., were used as phosphodiester substrates. 

When the barium salts of substrates were used, the 
barium was quantitatively removed as barium sulphate. 


All substrate solutions were adjusted to the pH of the 
incubation mixture before use. 

Buffer. Sodium acetate—acetic acid buffer (0-05m) was 
used throughout the studies (Walpole, 1914). 

Determination of phosphatase activity. Methods for the 
determination of phosphatase activity and definition of 
unit of enzyme activity are as described earlier (Sundarara- 
jan & Sarma, 1954). Phosphorus determinations were 
carried out according to the method of Fiske & Subbarow 
(1925). The method of Lowry & Lopez (1945) was used for 
measurement of phosphoamidase activity. Phospho- 
diesterase activity was determined by estimation of the 
liberated phenol according to King (1947). 

Determination of protein nitrogen. This was determined by 
digestion of the protein with H,SO, and estimating the 
ammonia titrimetrically (Ma & Zuazaga, 1942) or by the 
nessler reaction (Koch & McMeekin, 1924). The colori- 
metric method of Lowry, Rosebrough, Farr & Randall 
(1951) was used for measurement of low amounts of protein. 


Purification of phosphoprotein 
phosphatase from ox spleen 


The method of Sundararajan & Sarma (1954) was 
modified in several respects to get preparations of high 
specific activity. The use of a buffer at pH. 5 for rendering 
the inactive proteins of spleen insoluble, and of manganese 
pyrophosphate gel for adsorption of the enzyme, consti- 
tuted two of the important steps introduced in the follow- 
ing modified procedure. 

Extraction of the enzyme. A weighed amount of minced 
spleen was homogenized with 2-5 vol. of 2-5% (w/v) NaCl 
soln., buffered at pH 5-0 with 0-2Mm-acetate buffer. The 
homogenate was centrifuged at 2000 rev./min. for 15 min. 
and the supernatant was filtered on a Biichner funnel, 
with 10g. of Celite L665/I. as filter aid. (L665 was obtained 
from Fisher Scientific Co., U.S.A.) (Table 1, stage 1.) 

Fractionation with ammonium sulphate. The clear filtrate 
was treated with solid (NH,),SO, to 0-5 saturation (the 
amount required for bringing solutions to any desired 
saturation level being calculated from the formula of 
Kunitz, 1952). After allowing the solution to stand over- 
night in the ice chest, it was centrifuged and the super- 
natant filtered through a layer of Celite on a Biichner funnel. 
The clear amber-coloured filtrate was treated with more 
(NH,),SO, to 0-85 saturation. The solution, after storage at 
0° overnight, was filtered on a large Biichner funnel. When 
the filter cake had been sucked almost dry, it was removed 
from the paper, suspended in water and dialysed at 5° 
against several changes of distilled water. After dialysis the 
precipitated protein was separated by centrifuging and 
extracted with 2-5% (w/v) NaCl soln. at pH 5-0 (stage 2). 

Adsorption on manganese pyrophosphate. The clear 
extract obtained from the previous step was adsorbed on 
manganese pyrophosphate gel. The adsorbent was prepared 
by the gradual addition of 0-1m-sodium pyrophosphate to 
2 vol. of 0-1m-manganous sulphate which was kept well 
stirred during the addition. The ppt. was allowed to settle 
and the supernatant removed by decantation. The gel was 
repeatedly washed with 1% (w/v) NaCl soln. and finally 
filtered on a Biichner funnel without applying suction. The 
ppt. was removed and suspended uniformly in water. Only 
freshly prepared gels were used since those allowed to age 
at room temperature or in the ice chest were inefficient as 
adsorbents. For adsorption studies, 1 vol. of the enzyme 
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solution containing about 10 mg. of protein/ml. was mixed 
with an equal volume of the gel (6-5 mg. of total solids/ml.). 
Enough water was added to bring down the concentration 
of NaCl to 1%. The suspension was stirred for 2 min. and 
centrifuged. The gel was washed once with 1% NaCl at 
pH 5. Elution of the enzyme was carried out by taking up 
the residue in 0-2 saturated (NH,),SO,, and after gentle 
stirring for 5 min. at room temperature the suspension was 
centrifuged (stage 3). 

Refractionation with ammonium sulphate. The eluate 
from manganese pyrophosphate gel was subjected to 
refractionation with (NH,),SO,. The ppt. separating 
between 0-58 and 0-85 saturation was collected by centri- 
fuging and was extracted with NaCl soln. (stage 4). 

Fractionation with acetone. The extract from the previous 
step was subjected to fractionation with acetone, according 
to the procedure outlined earlier (Sundararajan & Sarma, 
1954). The active fraction, separating between 50 and 66% 
(v/v) concentration of acetone, was separated and extracted 
with saline (stage 5). 
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The purification achieved in a typical fractionation 
experiment is outlined in Table 1. The final fraction, which 
represented a 600-fold purification over the initial spleen 
extract, was used as source of enzyme in specificity studies. 


RESULTS 


Substrate specificity of phosphoprotein 
phosphatase 


The action of purified preparations of the enzyme 
from spleen on several phosphate esters is sum- 
marized in Table 2. The action of the enzyme on 
each substrate was studied at various pH values 
ranging from 4 to 6. The values given in the table 
represent the hydrolysis observed at the optimum 
pH for each substrate. 

Dephosphorylation of phosphomonoesters.  Ali- 
phatic phosphate esters were not hydrolysed to any 


Table 1. Purification of phosphoprotein phosphatase from ox spleen 


Activities were tested with casein (5 ug.atoms of P/ml.) as substrate and thioglycollic acid (mm) as activator. Incuba- 
tions were carried out at 37° and at pH 5-8 for a period of 15 min. Details of stages of purification are given in the text. 


Stage Volume Activity 
no. (ml.) (units/ml.) 
1 1790 14-7 
2 60 322 
3 80 140 
4 20 224 
5 20 217 


Table 2. Substrate specificity of spleen-phosphoprotein phosphatase 


Specific 
Protein N activity Yield 
(mg./ml.) (units/mg. of N) (% 
4-30 3-4 100 
1-34 240 74 
0-14 1000 43 
0-14 1600 17 
0-11 2000 16 


The substrates, at the indicated concentrations, were incubated with the enzyme preparation for 60 min. at 37° with 
thioglycollic acid (mM) as activator. Activities were tested at pH 5-8 for casein and at pH 5-0 for the other substrates, 
except that with ox-spleen phosphatase acting on phenyl phosphate, the pH of the medium was 4-5. 


Phosphorus released 





Conen. of (ug.atoms of P/ml.) 
substrate —_—_— aM 
(ug-atoms of Rat-spleen Ox-spleen 
Substrate P/ml.) phosphatase phosphatase 
Casein 5-0 1-75 1-25 
Phosphomonoesters 
B-Glycerophosphate 5-0 Nil Nil 
O-Phosphorylserine 5-0 Nil Nil 
Glucose 1-phosphate 25 0-01 Nil 
Glucose 6-phosphate 2-5 0-02 0-02 
Fructose 1-phosphate 2-5 0-03 0-01 
Fructose 1:6-diphosphate 2-5 0-06 0-02 
Phenyl phosphate 5-0 1-56 1-43 
p-Nitrophenyl phosphate 5-0 1-76 1-93 
Phenolphthalein phosphate 5-0 0-09 0-09 
Phosphoamides 
N-Phosphorylphenylalanine 1-6 . 0-53 
Phosphocreatine 1-6 , 0:13 
Pyrophosphates and phosphodiester 
Inorganic pyrophosphate 2-5 2-03 2-10 
Adenosine triphosphate 2-5T 2-28 2-20 
Thiamine pyrophosphate 2-5 a 1-20 
Dipheny] phosphate 2-5 Nil Nil 


* Not tested. 


+ Concentration given corresponds to acid-labile phosphorus. 
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appreciable extent by the enzyme. In marked 
contrast, the phosphomonoesters of phenol and p- 
nitrophenol were dephosphorylated at a rapid rate. 
Maximum hydrolysis of phenyl phosphate occurred 
at pH 4-0—-4-5 (Fig. 1), and there was a marked fall 
in activity below pH 4-0. Phenolphthalein phos- 
phate, though an aromatic ester, was dephos- 
phorylated at a much slower rate. 
Dephosphorylation of phosphoamides. N-Phos- 
phorylphenylalanine and phosphocreatine were de- 
phosphorylated to an appreciable extent by the 
purified enzyme from ox spleen, indicating the 
presence of phosphoamidase activity in the 
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pH of the medium 
Fig. 1. Effect of pH on the dephosphorylation of ATP (x ), 
pyrophosphate (©) and phenyl phosphate (@) by ox- 
spleen phosphoprotein phosphatase. 


enzyme preparation. This finding agrees with that 
of Singer & Fruton (1957), who demonstrated the 
identical nature of phosphoprotein phosphatase 
and phosphoamidase of ox spleen. 

Dephosphorylation of pyrophosphate and phos- 
phodiester substrates. Compounds containing pyro- 
phosphate linkages appeared to be very good sub- 
strates for the enzyme. Inorganic pyrophosphate 
and ATP were hydrolysed at comparable rates, 
Both the acid-labile phosphate groups of ATP were 
cleaved by the enzyme, whereas the «-phosphorus 
atom appeared to be resistant to enzymic action. 
This is in conformity with the finding of Hofman 
(1958) that ox-spleen phosphatase does not de- 
phosphorylate adenosine 5’-phosphate. Thiamine 
pyrophosphate was also readily dephosphorylated, 
only the terminal phosphate being split off by the 
action of the enzyme. Maximum hydrolysis of the 
pyrophosphate substrates was observed at pH 5-0 
(Fig. 1). The enzyme had no action on diphenyl 
phosphate, a diester substrate, even after prolonged 
incubation. 

The close similarity in specificity character- 
istics, observed with enzyme preparations of 
different states of purity and derived from entirely 
different sources, suggested that the hydrolysis of 
the various substrates was mediated by a single 
enzyme or by a system of enzymes with similar 
properties. This was strikingly borne out by the 
observation that the ratio of the activities towards 
the phosphoprotein and pyrophosphate substrates 
remained more or less constant in the course of 
purification of the enzyme from ox spleen (Table 3). 
Singer & Fruton (1957) have, by a similar criterion, 
shown that the phenylphosphatase and phospho- 
amidase of ox spleen possess properties similar to 
those of phosphoprotein phosphatase. Evidence 
for the identical nature of the enzymes was also 
obtained from heat-denaturation and adsorption 
experiments as well as from studies on the be- 
haviour of these enzymes towards several acti- 
vators and inhibitors. Details of these studies are 
given below. 











Table 3. Hydrolysis of casein and pyrophosphates by active fractions from ox spleen 


Active fractions obtained at various steps during purification of phosphoprotein phosphatase were tested for their 
ability to dephosphorylate casein (20 pg.atoms of protein P/ml.), inorganic pyrophosphate (20 ng.atoms of P/ml.) and ATP 
(10 zg.atoms of acid-labile P/ml.). Incubations were at 37° for 15 min. with thioglycollic acid (mm) as activator. Stages of 
purification of the enzyme are as in Table 1. One unit is the amount of enzyme catalysing the splitting of 1 zg. of inorganic 
P/min. at 37°. 





Ratios 
Activity (units/ml.) Sa SSS S75 
Stage c en + Casein/ 
no. Casein Pyrophosphate ATP pyrophosphate Casein/ATP 
1 14-7 40 23:3 0-4 0-6 
2 322 547 287 0-6 1-1 
3 140 420 200 0-3 0-7 
4 224 760 200 0-3 1-1 
5 217 533 145 0-4 1-5 
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Effect of heat-treatment on phosphatase activity. 
Samples of the purified enzyme from ox spleen 
were held in a water bath at 80° for various periods. 
At the end of the indicated time interval, the sample 
was chilled in ice and the activity estimated with 
casein and pyrophosphate as substrates. The loss in 
activity towards both the substrates was observed 
to be of the same order of magnitude (Table 4). 
The heat-treated preparations were also found to 
be active towards ATP and phenyl phosphate. 

Adsorption studies. Calcium phosphate gel was 
found to be a poor adsorbent for the enzyme. The 
supernatant solution obtained after treatment with 
calcium phosphate exhibited activity against casein 
as well as pyrophosphate. Selective adsorption of 
phosphoprotein phosphatase on casein was tried by 
mixing a portion (0-2 ml.) of the enzyme from ox 
spleen with 2 ml. of 10% (w/v) solution of casein 
and precipitating the casein by addition of dilute 
acid (0-1N-HCl) to pH 4-8. The supernatant ob- 
tained by centrifuging was, however, found to be 
inactive towards all the four substrates. Similar 
results were obtained with manganese pyrophos- 
phate gel, which adsorbed the protein phosphatase 
as well as pyrophosphatase. The eluates obtained 
after treatment of such gels with 0-2 saturated 
ammonium sulphate exhibited activity towards 
casein, pyrophosphate, ATP and phenyl phosphate. 

Activation and inhibition studies. Thioglycollic 
acid at mmM-concentration had a marked activating 
effect on the hydrolysis of the various substrates by 
the purified enzyme from ox spleen (Table 5). 
Sodium tungstate at a concentration of 10um 
completely suppressed the hydrolysis of the various 
substrates. L-Tartrate at a concentration of 10 mm 
did not inhibit the hydrolysis of any of these 
substrates. Incidentally, this observation serves to 
differentiate the enzyme from the acid phosphatase 
of spleen which is sensitive to tartrate (Abul-Fadl 
& King, 1949). Enzyme preparations allowed to 
stand at pH 9-0 at room temperature for a period of 
l hr. were completely inactive against all the sub- 
strates. 
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Evidence for the participation of a single enzyme 
in the hydrolysis of the various substrates was also 
provided by the observation that the simultaneous 
presence of any two of the substrates in the 
incubation mixture caused mutual inhibition of 
their enzymic dephosphorylation. This is evident 
from the results presented in Table 6, which shows 
that p-nitrophenyl phosphate inhibits the hydro- 
lysis of pyrophosphate and of phosvitin in a re- 
ciprocal manner. The dephosphorylation of the 


Table 4. Effect of heat-treatment on phosphoprotein 
phosphatase and pyrophosphatase from ox spleen 


Portions of the purified enzyme from ox spleen were held 
in a water bath at 80° for the indicated periods and the 
activity was determined against casein (20ug.atoms of 
P/ml.) and inorganic pyrophosphate (20yg.atoms of 
P/ml.). Incubation was at 37° for 30 min. and at pH 5-8 
with thioglycollic acid (mm) as activator. 


Phosphorus released 
(ug-atoms/ml.) 


Period of 
heating With With 
(min.) casein pyrophosphate 
0 1-85 2-10 
5 0-90 1-60 
10 0-73 0-97 
15 0-73 0-97 





Table 5. Effect of thioglycollic acid on hydrolysis of 
various substrates by phosphoprotein phosphatase 


Dephosphorylation of the indicated substrates by puri- 
fied enzyme preparation from ox spleen was followed in 
the presence and in the absence of thioglycollic acid 
(mm-concn., when present). Incubation was carried out at 


H 5-8 for 30 min. at 37°. 
ete eee Phosphorus released 


(ug-atoms/ml.) 


eo mney 
With Without 


Substrate activator activator 
Casein 2-0 0-3 
Inorganic pyrophosphate 1-6 0-4 
ATP 1-5 0-4 
Phenyl phosphate 1:3 0-5 





Table 6. Mutual inhibition of hydrolysis of p-nitrophenyl phosphate, pyrophosphate and of phosvitin 


Purified enzyme preparation from rat spleen was incubated with the indicated substrates at concentrations correspond- 
ing to 5ug.atoms of P/ml. at 37° for 15 min. and at pH 5-0 with thioglycollic acid (mm) as activator. 


Substrate 
p-Nitrophenyl phosphate 
Pyrophosphate 
Phosvitin 
p-Nitrophenyl phosphate + phosvitin* 
p-Nitrophenyl phosphate + pyrophosphate* 


Phosphorus released (ug.atoms/ml.) from 
A — 





+ 


p-Nitrophenyl 


phosphate Pyrophosphate Phosvitin 
0-93 — — 
eas 1-40 pa 
— — 0-28 
0-50 — 0-10 
0-68 0-70 -- 


* Phosphorus contributed by p-nitrophenyl phosphate was calculated from the amount of p-nitrophenol formed, as 


amount of phosphorus formed from the other substrate. 


estimated according to Sinsheimer & Koerner (1952). This value was deducted from the total phosphorus to give the 
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Table 7. Effect of phosphodiester substrate on hydrolysis of B-casein by spleen phosphatase 


The influence of p-bis(nitrophenyl) phosphate on hydrolysis of B-casein and B-casein phosphopeptone by rat-spleen 
phosphatase was studied. The substrates at a concentration corresponding to 1-25 ug.atoms of P/ml. were incubated with 
the enzyme at 37° for 15 min. with thioglycollic acid (mm) as activator. The pH of the medium was 5-8 for casein and 5-0 


for the peptone. 


Conen. of Phosphorus 
diester released Inhibition 

Substrate (ug-atoms of P/ml.) (yg.atoms/ml.) (%) 
B-Casein Nil 0-25 —- 
B-Casein 1-25 0-25 Nil 
B-Casein 5-0 0-18 28 
B-Casein peptone Nil 0-13 -- 
B-Casein peptone 5-0 0-13 Nil 
B-Casein peptone* Nil 0-55 — 
B-Casein peptone* 5-0 0-55 Nil 


* Incubation time 1 hr. 


Table 8. Hydrolysis of phosphopeptone from 
B-casein by spleen phosphatase 


Purified enzyme from rat spleen was incubated with the 
substrates at a concentration corresponding to 1-25 yg.- 
atoms of P/ml. for 60 min. at 37° with thioglycollic acid 
(mM) as activator. Values for phosvitin are given for 
purpose of comparison. 


Dephos- 
pH of phorylation 
Substrate medium (%) 
B-Casein 5-0 17 
58 76 
B-Casein peptone 4-5 45 
5-0 27 
5-8 2 
Phosvitin 4-5 27 
5-0 45 
5-8 57 


last-named substrates was not affected by the 
presence of p-nitrophenol in the medium. The 
results show that these substrates inhibit each 
other by competition for the same active centre on 
the enzyme surface. 


Dephosphorylation of B-casein by 
spleen phosphatase* 


Perlmann (1954a) has recently achieved a step- 
wise dephosphorylation of B-casein by incubation 
of the protein with phosphodiesterase from snake 
venom followed by treatment with a phospho- 
monoesterase. In view of the non-specific nature of 
spleen phosphatase it was of interest to investigate 
the mechanism of dephosphorylation of B-casein by 
this enzyme with reference to the possible partici- 
pation of a phosphodiesterase in this reaction. 
Substrate-specificity studies indicated, however, 
the virtual absence of phosphodiesterase activity in 

* These investigations were carried out recently during 
the tenure of a Post-Doctoral National Research Fellowship 
awarded to one of us (T.A.S.) by the Ministry of Education, 
Government of India. 


purified phosphatase preparations from spleen 
(Table 2). Evidence against the participation of 
diesterase in this reaction was also provided by the 
observation that the dephosphorylation of f- 
casein was not appreciably affected by the presence 
of a large excess of a phosphodiesterase substrate in 
the incubation mixture (Table 7). Similar results 
were obtained when f-casein was replaced by a 
phosphopeptone from f-casein which represents, 
according to Peterson et al. (1958), the phosphorus- 
containing core of the protein. 

The action of phosphoprotein phosphatase on 
phosphopeptone is shown in Table 8. Earlier 
experiments, carried out with non-homogeneous 
preparations of the peptone, indicated that this 
substrate was resistant to dephosphorylation at 
pH 6-0 (Sundararajan & Sarma, 1954). The results 
with £-casein peptone confirm this observation and 
show besides that the peptone has a lower pH 
optimum as compared with the parent protein. The 
values obtained with f-casein and its degradation 
product are not strictly comparable in view of the 
limited solubility of the protein substrate below 
pH 5-5. It was hence considered of interest to 
investigate the true pH optimum for protein- 
dephosphorylation with phosvitin as substrate 
since this protein remains soluble over the entire 
range of pH used in these studies. From the 
results presented in Table 8 it is evident that 
phosvitin is more akin to casein than to phospho- 
peptone in its dephosphorylation behaviour. The 
reason for the shift in pH optimum observed with 
the peptone is not clear. 


DISCUSSION 


The results of the present investigation establish 
beyond question the non-specific nature of phos- 
phoprotein phosphatase of mammalian origin. 
Thus the enzyme preparations exhibit high activity 
against several other substrates besides phospho- 
protein, and this specificity pattern remains un- 
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altered even after extensive purification of the 
enzyme. Attempts to eliminate the pyrophos- 
phatase and phenylphosphatase activity from the 
preparation through various techniques have 
proved uniformly unsuccessful. The results obtained 
in the course of these experiments indicate on the 
contrary that the dephosphorylation of the various 
substrates is mediated by a single enzyme. In view 
of these findings the enzyme must be considered to 
be distinct from the phosphoprotein phosphatases 
of frog eggs and of chick embryo, which appear to 
be strictly specific for phosphoprotein substrates 
(Harris, 1946; Foote & Kind, 1953). 

The unusual specificity characteristics exhibited 
by spleen phosphatase poses a problem as to its 
classification in the scheme of Folley & Kay (1936). 
There appears to be little justification for classi- 
fying the enzyme as a phosphomonoesterase since 
it hydrolyses pyrophosphate esters as readily as it 
does phenyl phosphate and, besides, the two sub- 
strates appear to combine with the enzyme at a 
common active centre. Further, the enzyme 
differs from the common acid phosphatases in 
showing a high degree of specificity towards 
phenyl phosphate among the phosphomonoester 
substrates. Similar results have been reported 
recently by Singer & Fruton (1957) and by Hofman 
(1958). Judging from the specificity pattern of 
spleen phosphatase, it might appear that the 
phosphorus in phosphoproteins is linked to the 
tyrosine hydroxy] groups of the protein rather than 
to the aliphatic hydroxyl group. However, the 
presence of such linkages in casein was ruled out 
by the observation that the removal of phosphorus 
from the protein did not lead to any increase in the 
free phenolic groups of the protein, as tested with 
phenol reagent (Sundararajan, 1956). The virtual 
absence of tyrosine in phosvitin, a protein with the 
highest phosphorus content, may also be taken as 
an indication of the non-involvement of a tyrosine 
hydroxyl group in the binding of phosphorus in 
phosphoproteins. 

The presence, in proteins, of phosphorus linkages 
other than the monoester type was first suggested 
by Perlmann (1954a) from her experiments on the 
enzymic dephosphorylation of f-casein. This 
protein was dephosphorylated by prostate phos- 
phatase only after a preliminary treatment of the 
protein with phosphodiesterase prepared from 
snake venom. It was hence suggested that the 
phosphorus in this protein was present exclusively 
as diesterified phosphate. The results of our ex- 
periments with f-casein do not, however, support 
this conclusion (Table 7). The presence of diester 
linkage in casein is made less likely by the obser- 
vation that phosphatase preparations derived from 
other sources and essentially free from diesterase 
activity are also effective in bringing about ex- 
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tensive dephosphorylation of the protein (Mecham 
& Olcott, 1949; Sampath Kumar, 1958). 

The high pyrophosphatase activity exhibited by 
spleen phosphatase is of interest in view of the 
recent report by Perlmann (19545) on the presence 
of pyrophosphate linkage in «-casein. Employing 
crystalline yeast pyrophosphatase, she showed that 
about 20% of the phosphorus in «-casein was 
present as pyrophosphate. It is thus possible that 
the rapid dephosphorylation of casein by phos- 
phoprotein phosphatase depends, in part, on the 
pyrophosphatase activity inherent in these pre- 
parations. In view of the non-specific nature of 
spleen phosphatase the results of the present 
studies cannot be considered as providing con- 
clusive proof for the presence of pyrophosphate 
linkages in proteins. The use of purified enzymes 
strictly specific for phosphomonoester linkage may, 
however, be expected to throw more light on the 
possible occurrence of these types of phosphorus 
linkages in proteins. The recent work on the isola- 
tion and characterization of such enzymes from a 
variety of sources (Morton, 1955; Tsuboi & Hudson, 
1955, 1956) appears encouraging in this respect. 


SUMMARY 


1. A method is described for preparing phospho- 
protein phosphatase of high specific activity from 
ox spleen. The enzyme was purified 600-fold with 
a yield of 16%. 

2. The enzyme was non-specific in its action. 
A number of substrates containing pyrophosphate 
linkage were readily dephosphorylated as also 
were the phosphomonoesters of phenol and p- 
nitrophenol. 

3. Attempts to separate an enzyme specific for 
phosphoproteins proved unsuccessful. The evidence 
obtained indicated that a single enzyme was 
responsible for the dephosphorylation of the 
various substrates. 

4. The purified enzyme from spleen had no 
diesterase activity and dephosphorylated f-casein 
readily even in the presence of an excess of phos- 
phodiester. These results suggest the absence of 
phosphodiester linkages in B-casein. 

5. The significance of these findings in relation 
to the nature of phosphorus linkages in casein is 
discussed. 

We wish to thank the University of Madras for permis- 
sion to publish these results, which form part of a thesis 
submitted by one of us (T.A.S.) for the degree of Doctor of 
Philosophy in January, 1956. 
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Nephelometric Determination of Elastase Activity and 
Method for Elastoproteolytic Measurements 


By ILONA BANGA, J. BALO anp MAGDOLNA HORVATH 
The First Department of Pathological Anatomy and Experimental Cancer Research 
Medical University, Budapest 


(Received 15 April 1958) 


Measurements on the pancreatic elastase activity 
are performed by different methods in different 
laboratories. Balé & Banga (1950) and Banga 
(1952) suggested a gravimetric method in which 
the fraction of insoluble elastin that has not been 
dissolved by the enzyme is determined. The same 
method was used by Lewis, Williams & Brink 
(1956). Hall (1955) and Hall & Gardiner (1955) 
used the biuret reagent described by Sols (1947) in 
determining the elastin dissolved by the elastase. 
The Folin-phenol reagent (Lowry, Rosebrough, 
Farr & Randall, 1951) was applied by Grant & 
Robbins (1957) to measure the proteolytic dissolu- 
tion of elastin. Sachar, Winter, Sicher & Frankel 
(1955) measured the colour liberated during the 
elastolytic action of elastase on elastin which was 
previously stained with orcein. Robert & Samuel 
(1957) measured the elastolytic dissolution of 
‘azoelastin’ by a spectrophotometric method and 
gave some data for the kinetics of elastolysis. 

In this paper we describe a method by which the 
activity of different elastase preparations obtained 
in different laboratories may be compared. The 


need for such a method is emphasized by the fact 
that the mechanism of elastolysis is far from being 
uniform and well understood. 

The enzymic dissolution of elastin, i.e. elasto- 
lysis, is not a mere proteolysis. Banga (1951) 
stressed that no free amino groups are demon- 
strable by the formol method or the Van Slyke 
determination during the dissolution process. Hall, 
Reed & Tunbridge (1952) and Hall (1953) believe 
that a polysaccharide and a sulphate group are 
liberated. Hall & Gardiner (1955) performed 
quantitative measurements on the amount of 
liberated acid during elastolysis and considered the 
acid, in accordance with the original assumption of 
Hall et al. (1952), to be an organically bound sul- 
phate. Since they held the view that the sulphate 
ion would be bound to mucopolysaccharide, they 
conceived the elastolysis to be mucolysis. Partridge 
& Davis (1955), on the other hand, demonstrated 
the formation of free «-amino groups with the 
fluorodinitrobenzene technique. This led them to 
suppose that elastase or one of its components is a 
proteolytic enzyme. These authors found no more 
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than 0-3 % of carbohydrate in the purified elastin, 
and their experiments showed that the amount of 
amino sugars did not- exceed 0-1%. Lansing, 
Rosenthal, Alex & Dempsey (1952) demonstrated 
liberation of lipid during elastolysis. According to 
Labella (1957) the substance manifesting itself 
after the periodic acid—Schiff reaction must be 
lipoprotein. Banga & Schuler (1953) used several 
methods for demonstrating the appearance in the 
elastolysate of reducing substances which they 
measured with the Hagedorn—Jensen method. 
Bal6 & Banga (1954) measured the reducing sub- 
stance liberated during elastolysis from its con- 
sumption of bromine and showed that Schiff’s 
reagent and Ehrlich’s p-dimethylaminobenzalde- 
hyde brought about red and purple staining 
respectively. 

All these studies suggest that elastase does not 
have a single and uniform mechanism of action. 
This is clear also from the experiments in which we 
failed to correlate the results of our gravimetric 
method with quantitative determinations of dis- 
solved protein measured in the supernatant. The 
need for a quick and reliable method to replace the 
laborious gravimetric procedure induced us to 
elaborate our nephelometric method described 
below. 

It seemed to be necessary to make a series of 
determinations with the same substrate and the 
same enzyme, with the different methods. Three 
methods were employed and they were applied in 
a single experiment so that the changes during 
elastolysis were determined under uniform experi- 
mental conditions. A photometer was used in the 
nephelometric technique for the measurement of 
the changes in the extinction of elastin granules. 
The insoluble fraction of elastin was determined 
gravimetrically and the dissolved protein ih the 
supernatant was measured with the Folin-phenol 
reagent (Lowry et al. 1951). 

The elastase activity is greatly influenced by the 
salts of the different buffers and by the ionic 
strength. These factors have been considered with 
all three methods. 


EXPERIMENTAL 


Substrate. Elastin was prepared from ox aorta. The aorta 
of young (1-year-old) animals was freed from the adventitia, 
minced and homogenized in an electric food-mixer (Ken- 
wood Manufacturing Co., England) with water (0-5 ml./g. 
of mince) until a fine pulp was obtained. The water was 
then pressed out through a cloth, and 1 1. of 0-1n-NaOH/kg. 
of the original wet wt. was added and the mixture was 
boiled for 45min. After cooling and filtering through 
cheese-cloth the boiling with alkali was repeated in the 
same way as before. The residue was washed in water with 
the addition of a small amount of dilute HCl after filtration, 
until the washings became neutral and no salt remained. 
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It was then dehydrated by stirring five times with an excess 
of acetone and finally dried in air and ground flour-fine in 
a ball mill. 

For a stock elastin suspension, 4g. of the powdered 
material sifted through a 130-mesh sieve was ground by 
hand in a mortar for about 1 hr. while a total of 50 ml. of 
water was added dropwise. For the measurements the stock 
elastin was diluted with the appropriate buffer to 10 times 
its original volume. This suspension was so stable that its 
extinction did not vary within 30 sec. in the photometer 
owing to sedimentation. 

Buffer solutions. Carbonate-HCl buffer, pH 8-8, J 0-1: 
this was prepared with 23 ml. of 0-1m-Na,CO, + 20 ml. of 
0-1N-HCl and 43 ml. of water. 

Carbonate-HCl buffer, pH 8-8, J 0-05: the above- 
mentioned buffer was diluted 1:1 with water. 

Veronal-acetate buffer, pH 8-8, J 0-1: 95 ml. of 0-1m- 
veronal Na+5 ml. of 0-1nN-HCl+100 ml. of 0-1mM-sodium 
acetate. 

Veronal-acetate, pH 8-8, J 0-025: 100 ml. of the veronal- 
acetate buffer, J 0-1, was diluted with water to 400 ml. 

Veronal Na-HCl buffer: Michaelis (1930). 

Glycine-NaOH buffer: Sorensen (1909). 

Boric acid—borax: Holmes (1943). 

From the above buffers used we recommend two buffers 
which do not inhibit elastoproteolysis: carbonate—HCl 
buffer, J 0-05, and veronal—acetate buffer, J 0-025. 

Elastase. This was an adsorbed, eluted and further 
purified elastase preparation (213/F;) described by Bagdy, 
Banga & Horvath (1959). 

Gravimetric elastase determination. This differed from that 
described by Banga (1952) only in that the volume of the 
reaction mixture was altered according to requirements. 
For comparing the three methods, the gravimetric, the 
Folin-phenol (Lowry et al. 1951) and the nephelometric, we 
worked with 24 mg. of elastin and a total volume of 10 ml. 
Correspondingly, we used standard tubes of 100 mm. 
height and 14 mm. inner diameter, which had the same 
light-absorbing capacity and could be employed at the 
same time for nephelometric measurements. In prelimin- 
ary experiments, which served to compare the gravimetric 
method with the Folin-phenol method, a volume of 5 ml. 
was used. Buffer concentration and the amount of elastase 
will be given with each individual experiment. 

Nephelometric elastase determination. A single-cell photo- 
meter (Factory for Laboratory Equipment, Budapest) was 
used in the measurements. A standard curve was obtained 
by measurement of the extinction of suspension containing 
different elastin concentrations and was read with a red 
RG, colour filter with maximum transmission at 620— 
750 mp (Fig. 1). The procedure of determination is as 
follows: five or six standard tubes were each filled with 3 ml. 
of diluted elastin suspension containing 24 mg. of elastin, 
and then buffer and water were added to reach 8 ml. The 
series was put into a water bath at 38° for 10 min. to 
preheat it. Another series of ordinary test tubes was filled 
with elastase solution of dilutions varying between 1-0 and 
0-1 mg./2 ml., likewise preheated. The first tube served as 
a control containing no elastase, only the proper solvent. 
A volume (2 ml.) from each tube containing elastase was 
pipetted into the corresponding elastin tube after an 
interval of 1 min. Immediately after shaking, the extinc- 
tion in the spectrophotometer was read, which needed 
15 sec. This value was considered as the starting point. 
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With shaking of the tubes at 1 min. intervals, the incubation 
was carried on for 15 min., whereafter the extinction of the 
solutions was measured. The results were read from the 
elastin standard curve presented in Fig. 1. 

After finishing the nephelometric readings the tubes 
served for the Folin-phenol and gravimetric determina- 
tions. The tubes were cooled in ice—water and centrifuged. 
The protein determination was carried out on the super- 
natant by the Folin-phenol method and the amount of 
precipitate was determined gravimetrically after washing 
it with 5 ml. of absolute ethanol, centrifuging and drying 
at 110°. 

Determination of elastase activity with the Folin-phenol 
method. The supernatant obtained from gravimetric and 
nephelometric determinations was used. The standard 
curve obtained with elastin completely dissolved with 
elastase was used as a basis (Fig. 2). 

Determination of elastase unit. The elastase activity is 
given as elastase unit (E.U.)/mg., which expresses the 
amount of elastin that can be dissolved by 1 mg. of 
elastase within 30min. under the given experimental 
conditions. With the three methods described in this paper 
the time of incubation was 15 min. In each case initial 
speed was compared. 

Errors. In a large number of experiments we found with 
all three methods a 10-15% error. The error has its origin 
in the elastin standard curves. Neither the Folin-phenol 
(Fig. 2) nor the nephelometric (Fig. 1) method gave a 


24 8 12 16 20 24 28 32 36 
Concn. of elastin (mg./10 ml.) 


Fig. 1. Standard curve relating elastin concentration to 
extinction for the nephelometric determination of 
elastase. A variable quantity of 0-8 % elastin suspension 
was diluted to 10ml. with carbonate-HCl buffer, 
I 0-05. The extinction values obtained with the different 
elastin concentrations are shown. 
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linear correlation of concentration with the extinction. The 
relationship is more nearly linear with low elastin concen- 
trations and for this reason 24 mg. of elastin was used in 
the determinations. 


RESULTS 


Differences in the values for elastase activity ob- 
tained by the gravimetric and the Folin-phenol 
methods. According to different data in the liter. 
ature elastolytic dissolution requires buffer of 
ionic strength 0-1 and an optimum pH value of 
8-8. Table 1 contains the results of an experiment 
in which the results of activity determinations by 
the gravimetric and Folin-phenol method were 
compared. Different buffer solutions with the same 
ionic strength and pH were used for the experi- 
ments. 





0-1 0-2 0-3 0-4 05 0:6 0-7 08 09 1-0 
Concn. of elastin (mg./ml.) 


Fig. 2. Standard curve relating elastin concentration to 
Folin-phenol colour used for estimation of elastase. 
Elastin (100 mg.) was entirely dissolved with 1 mg. of 
elastase in a volume of 100 ml. of carbonate—HCl buffer 
(16 hr. incubation). The extinction values obtained with 
the different concentrations were measured with the 
Pulfrich photometer in a 0-5 cm. cuvette at A 660 mz. 





Table 1. 


Activity of a preparation of elastase 
measured in different buffer solutions of the same 
tonic strength 


Measurement was by the gravimetric and Folin-phenol 
methods. pH 8-8; J 0-1; total volume, 5 ml.; 20 mg. of 
dry powdered elastin; 0-25 mg. of elastase; incubated at 
38° for 15 min. Buffers: see Methods. 


Activity 
(E.U./mg.) 


Gravi- Folin- 
Buffer metric phenol 


Carbonate—HCl 95 90 
Veronal—acetate 54 56 
Veronal Na-HCl 51 32 
Glycine-NaOH 66 33 
Boric acid—borax 70 44 


Ratio 
(Gravimetric/ 
Folin-phenol) 

1-05 
0-97 
1-59 
2-00 
1-59 
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The E.v. values obtained show great differences 
with the different buffers even if the same method 
of determination is used. Lewis et al. (1956) have 
already noted this fact. The values show the 
greatest divergence if the two different determina- 
tions are carried out in the glycine buffer. The 
ratio of the values obtained by the two methods is 
shown in column 4 of Table 1. The values obtained 
with the Folin-phenol method were in part lower 
than those with the gravimetric procedure, so an 
influence of certain buffering salts on the Folin- 
phenol reaction was suspected. To decide this 
question the effect of the concentration of different 
buffers on the Folin-phenol reaction was examined. 
A 0-25% gelatin or elastin solution was used as 
standard protein solution to which the different 
buffering-salt solutions were added in 0-1 and 
0-05M-concentration respectively. Most of the 
buffering salts in 0-1 mM-concentration were found to 


70 » 1) A 


50 7 


Activity (.U./mg.) 
J 


30 


20 


10 


7 8 9 10 
pH 


Fig. 3. pH-activity curve of elastase in different buffer 
solutions (J 0-1) measured by the gravimetric method. 
Powdered elastin (20 mg.) in 5 ml. of buffer was incu- 
bated with 0-25 mg. of elastase at 38° for 15 min. The 
activity of elastase related to pH is given in E.U./mg. 
A, Carbonate-HCl; A, veronal-acetate; J, borate; 
@, veronal Na; O, glycine. 


NEPHELOMETRIC DETERMINATION OF ELASTASE 547 


have some inhibitory effect on the Folin-phenol 
reaction, but this inhibition never exceeded 10— 
15%. Glycine buffer, on the other hand, strongly 
inhibited the reaction, showing a 40% inhibition 
with 0-1m and a 25% inhibition with 0-05m. Thus 
the great difference in the E.v. values of Table 1, 
measured in glycine buffer by the gravimetric and 
Folin-phenol method respectively, is partly ex- 
plained by this fact. 

pH-activity curves in different buffers at the same 
tonic strength (I 0-1). The dependence of activity on 
pH was determined by all three methods. Different 
buffers (I 0-1), and invariably 0-25 mg. of elastase, 
were used. Figs. 3-5 illustrate the changes in 
E.U./mg. Examination of the curves shows that 
neither the E.U. values obtained with the three 
different methods at a single pH nor the optimum 
pH values measured in the different buffers are the 
same, but that the pH optimum falls between 





70 


50 


Activity (E.U./mg.) 


30 


20 


10 


7 8 9 10 
pH 


Fig. 4. pH-activity curve of elastase in different buffer 
solutions (J 0-1) measured by the Folin-phenol method. 
Powdered elastin (20 mg.) in 5 ml. of buffer was incu- 
bated with 0-25 mg. of elastase at 38° for 15 min. The 
dissolved protein in the supernatant was measured by the 
Folin-phenol method and the activity related to pH is 
given in £E.U./mg. A, Carbonate-—HCl; A, veronal— 
acetate; [, borate; @, veronal Na; O, glycine. 


35-2 
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8 and 9. There is a similar divergence in optimum 
pH values measured by the same method, but in 
different buffers. 

Certain regularities can be discerned from the 
three curves. With all three methods the E.v. 


Activity (£.U./mg.) 


10 
pH 


Fig. 5. pH-activity curve of elastase in different buffer 
solutions (J 0-1) measured by the nephelometric method. 
Suspension containing 40 mg. of elastin in 10 ml. of 
buffer was incubated with 0-5 mg. of elastase at 38° for 
15 min. The extinction values were measured with a 
single-cell photometer. The activity related to pH is 
given in E.U./mg. A, Carbonate-HCl; A, veronal- 
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values are highest if a carbonate-HCl buffer is 
used. The next highest values are obtained in the 
glycine buffer when the gravimetric and nephelo- 
metric methods are used. With the Folin-phenol 
method the lowest values are obtained in glycine 
buffer because the latter inhibits the Folin-phenol 
protein determination. Values measured in borate 
buffer and in sodium barbiturate are likewise low. 
The veronal—acetate buffer, described in Methods, 
takes an intermediate place in these experiments. 

All these methods show that at the same ionic 
strength each ion has a different effect on the in- 
hibition of elastolysis. The carbonate ion seems to 
have the least influence. 

Effect of diluted buffers on elastolysis. An attempt 
was made to overcome the inhibitory effect of 
buffering by the use of diluted buffers. This raised 
the danger, however, that a lack of buffering power 
would result in low E.U. values, since according to 
Hall & Gardiner (1955) a substance of acid 
character is liberated during elastolysis. Measure- 
ments before and after incubation with elastase 
were therefore carried out in the diluted buffers 
and showed the pH to have remained unchanged. 
With the elastase and aortic elastin used no libera- 
tion of the acid could be demonstrated. Table 2 
presents the results which were obtained by the use 
of different diluted buffers of the same strength 
(0:025m and pH 8:8). The £.v. values were deter- 
mined with the three different methods in the same 
experiment. 

The data in Table 2 show that the E.v. values 
measured with the three different methods in the 
carbonate—HCl, veronal—acetate and glycine buffer 
may be considered, within the limit of error, as 
approximately the same. The value obtained with 
the Folin-phenol method in the glycine buffer was 
lower, however, in this experiment too. The values 
in the veronal sodium and borate buffers also fail 
to show good agreement. 

Table 3 shows the changes of E.U. values with 
dilution of the buffers carbonate—HCl and veronal— 
acetate. The data show the E.v. values to rise with 
lowered concentration of the buffers with all the 


acetate; 1, borate; @, veronal Na; O, glycine. 


Table 2. Activity of a preparation of elastase in diluted buffer solutions measured by three methods 


The suspension contained 24 mg. of elastin, 0-1 mg. ofelastase. pH 8-8; incubated at 38° for 15 min. Buffers: carbonate- 
HCl, pH 8-8, J 0-05; 23 ml. of 0-1m-Na,CO, + 20 ml. of 0-1N-HCl made up with water to 172 ml. Veronal-acetate, pH 8-8, 
I 0-025; 100 ml. of 0-1M-veronal—acetate was diluted with water to 400 ml. Veronal Na—HCl (Michaelis, 1930) buffer was 
diluted four times. Glycine-NaOH (Sorensen, 1909); stock solution was diluted with water (1:4). Boric acid—borax 
(Holmes, 1943); stock solution was diluted with water (1:4). 


Activity (£.v./mg.) 





c ‘ 
Gravimetric Folin-phenol Nephelometric 


Carbonate—HCl 130 120 130 
Veronal-acetate 130 120 110 
Veronal Na—HCl 95 90 88 
Glycine-NaOH 120 76 115 
Boric acid—borax 72 80 110 


Buffer 
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Table 3. Change in measured activity of a preparation of elastase on dilution of the buffer solutions 


Measurement was by three methods in the same experiment. The suspension contained 24 mg. of elastin, 0-1 mg. of 


elastase. pH 8-8; incubated at 38° for 15 min. 


Buffers: carbonate-HCl, pH 8-8, J 0-1, was prepared by adding 23 ml. of 0-1mM-Na,CO, to 20 ml. of 0-1N-HCl. The same 
buffer, J 0-05, was diluted twice, that of J 0-025 was diluted four times. Veronal-acetate buffer, J 0-1, pH 8-8; 95 ml. of 
0-1m-veronal Na +5 ml. of 0-1N-HCl +100 ml. of 0-1mM-sodium acetate. The same buffer, J 0-05, was diluted twice, that of 


I 0-025 four times, that of J 0-012 eight times. 


Activity (E.U./mg.) 
A 





Me 
Nephelometric 


Buffer I Gravimetric Folin-phenol 

Carbonate—HCl 0-1 105+10 (4) 95+ 10 (4) 100+ 10 (4) 
Carbonate—HCl 0-05 140+15 (4) 120+ 10 (4) 150+ 15 (4) 
Carbonate—HCl 0-025 131413 (4) 100 +10 (4) 90+10 (4) 
Veronal-acetate 0-1 54+10 (4) 56+10 (4) — 

Veronal-acetate 0-05 50+10 (4) 82+10 (4) 80+10 (4) 
Veronal-acetate 0-025 140+15 (4) 104+10 (4) 100+ 10 (4) 
Veronal-acetate 0-012 130 +10 (4) 110+10 (4) 100+ 10 (4) 





Table 4. Change in measured activity with 
different elastase concentrations 


Carbonate-HCl buffer, pH 8-8, J 0-05; suspension con- 
taining 24 mg. of elastin, incubated at 38° for 15 min. 
Measurements were by three methods. 


Enzyme concn. (mg./10 ml.) 


0-1 0-06 0-02 
Activity (E.v./mg.) 
Method Soe 
Folin-phenol 144 140 150 
Gravimetric 132 150 190 
Nephelometric 160 332 450 


three methods. With both buffers maximal £.v. 
values are obtained at 0-025m, whereas further 
dilution results in a decrease of the E.vU. values. 
These values show the dependence on buffer con- 
centration in these two buffers. These had the 
least inhibitory effect on elastolysis. They also 
gave with all three methods results which were 
near to each other. 

Changes in E.U. values with elastase concentra- 
tion; a new effect on elastin demonstrable with 
nephelometric measurements. In the course of our 
experiments it turned out that the concentration of 
elastase also greatly influenced the E.v. values. 
Elastolysis is linear with elastase concentration 
only within very narrow limits, whichever of the 
three methods is used. Table 4 shows the results 
obtained with very low elastase concentration. The 
values at different low elastase concentrations in 
diluted carbonate—HCl buffer obtained with the 
Folin-phenol method were equal, within the limits 
of error, and they agreed with the values from the 
gravimetric determination. The E.v. value 190, 
that had been measured gravimetrically with 
0:02 mg. of elastase, represented an exception. 
With such very low concentrations the error in the 
determination may exceed the usual 10-15 % and 


may reach even 25-30%. Taking this fact into 
consideration, the gravimetric method gives 
results similar to those of the Folin-phenol method 
with elastase concentrations of 0-02—0-1 mg./ 
10 ml. The nephelometric method, on the other 
hand, is strikingly dependent on elastase concen- 
tration. Many careful experiments supported the 
above results. When the concentration of the 
elastase preparation was lower than 0-1 mg./10 ml. 
a prompt effect occurred which was manifested 
only when the nephelometric method was used. 
The transparency of elastin particles increases 
though we can find no dissolved protein corre- 
sponding to the apparent dissolution of elastin. 
The three methods can thus be regarded as 
equivalent and comparable only within certain 
limits. Their combined use is made objectionable by 
the difference in the ratio of the substrate-enzyme 
concentration even within one and the same 
method. Whereas the gravimetric and Folin- 
phenol method allowed an almost unrestricted 
alteration in the ratio of elastase to elastin, the 
nephelometric measurement required in our photo- 
meter an elastase:elastin ratio of 1:80—250. 
Recommendation of a combined nephelometric and 
Folin-phenol method for measurement of the proteo- 
lytic activity of elastase. Based on a great many 
experiments, a combined method of the nephelo- 
metric and Folin-phenol measurements is recom- 
mended for routine procedures in determining the 
proteolytic activity of elastase. The conditions for 
applying this method are as follows. (i) A very 
fine suspension of elastin is required, so that no 
sedimentation takes place for at least 30 sec. after 
shaking. (ii) A ratio between the substrate and 
enzyme concentration is chosen in such a way— 
within the given volume (10 ml.) and within the 
given time of incubation (15 min.)—that a maxi- 
mum of only 50% of the substrate is dissolved 
after incubation. (iii) Only carbonate-HCl or 
veronal—acetate, described in Methods, should be 
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used in 0-025m-concentration at pH 8-8. (iv) 
Rapid ice-cooling should be used after incubation 
to stop the enzyme reaction, and the solution must 
also be centrifuged while cold. The protein content 
of the supernatant used for the Folin-phenol 
determination remains unchanged for some hours. 

Our results show that this method is quick, can 
be performed easily in any laboratory and is 
applicable in comparing the activity of different 
elastase preparations. 

In Fig. 6 we present the concentration curve of 
the 213/F; elastase preparation measured by the 
nephelometric and the Folin-phenol method. A 
linear slope is reached with 24 mg. of elastin in an 
elastase concentration of 0-1—0-3 mg./10 ml. Every 
0-1 mg. increase in the amount of elastase brings 
about a 6—7 mg. increase in the dissolved elastin 
within 15 min. of incubation. Thus the activity 
computed from the three concentrations was, 
according to both methods, 120-140 z.v./mg. 


DISCUSSION 


Results presented in this paper support the view 
that determinations under strictly defined condi- 
tions are needed to clear up the confusion about 
measurement of the activity of elastase. An im- 
portant requirement is that the elastolytic capacity 
of elastase preparations produced in different 
laboratories should be expressed in the same units. 
The protein dissolution accompanying elastin dis- 
solution must be taken as a basis, because the 


Elastin dissolved (mg.) 


0-1 0-2 0-3 
Conen. of elastase (mg./10ml.) 


Fig. 6. Relationship of the amount of elastolysis to the 
concentration of an elastase preparation (213/F;,). 
Measured in veronal-acetate buffer (I 0-025) by the 


nephelometric and Folin-phenol methods. Elastin 
(24 mg.) in 10 ml. of buffer at 38° was incubated for 
15 min. Ordinate shows the amount (mg.) of dissolved 
elastin. Abscissa shows the quantity of elastase used in 
10 ml. of reaction mixture. 
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complete dissolution of elastin must still be re- 
garded as proteolysis. 

An enzyme preparation was used in our experi- 
ments which, according to our present knowledge, 
contains mainly the proteolytic component. Bagdy 
et al. (1959) describe the production and electro- 
phoretic character of this enzyme. It is not a com- 
pletely homogeneous enzyme preparation con- 
sisting of a single protein component, but the 
component responsible for elastoproteolytic ac- 
tivity has a high E.U. number and supports the 
assumption that this preparation is one of the most 
active elastoproteolytic enzymes so far described 
and is similar to the elastase described by Lewis 
et al. (1956). 

The nephelometric method had a disadvantage 
which, however, was useful in revealing a hitherto 
unknown property of elastase preparations. We 
have observed that beside the proteolytic and 
mucolytic action of elastase, the enzyme has an 
effect which, at the onset of elastolysis, alters the 
transparency of elastin particles. The chemical 
reaction responsible for this effect has not yet 
been determined. Whether this effect is connected 
with the lipoprotein component of Lansing e¢ al. 
(1952), which according to Labella (1957) makes 
up merely 0:5% of the elastin protein, has 
likewise not been determined. 


SUMMARY 


1. It has been shown that the different methods 
in the literature for the measurement of elastase 
activity fail to give comparable results. One of the 
main reasons of this discrepancy lies in the fact 
that certain buffer salts inhibit elastolysis. This 
inhibition manifests itself differently with the 
different methods. 

2. With an ionic strength of 0-1, which has been 
accepted in the literature, the pH—activity curves 
in different buffers fail to show the same optimum 
pH values; the inhibitory effect of the ions of the 
buffering salts is apparent when results with either 
similar or different methods are compared. 

3. A rapid and, within certain limits, sufficiently 
exact nephelometric method has been elaborated 
for the measurement of elastase activity. 

4. Conditions were examined under which the 
nephelometric and the Folin-phenol method can 
be combined to obtain good and reliable results 
in the determinations of proteolytic activity of 
elastase. 

5. In the course of nephelometric studies a new 
feature of elastase activity was revealed. The 
elastase increased the transparency of elastin 
particles in a concentration too low for its activity 
to be measured by the gravimetric or the Folin- 
phenol method. 
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The Degradation of Natural Polyamines and Diamines by Bacteria 
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The polyamines spermine and spermidine are 
known to be widely distributed in animal tissues 
(Rosenthal & Tabor, 1956), yeasts (Dudley & 
Rosenheim, 1925) and bacterial cells (Tabor, 
Rosenthal & Tabor, 1956). The biosynthesis of the 
natural polyamines is still obscure, although a 
pathway for their formation by some micro- 
organisms has recently been described (Tabor, 
Rosenthal & Tabor, 1957). The natural diamines 
putrescine, agmatine and cadaverine are known to 
be produced from amino acids by decarboxylation 
(Gale, 1946). 

Little is known about the biological function of 
the natural polyamines. They have been shown to 
be growth factors for several micro-organisms 
(Herbst & Glinos, 1955; Martin, Pelezar & Hansen, 
1952; Sneath, 1955; Traub, Mager & Grossowicz, 
1955; Kihara & Snell, 1957). On the other hand, 
spermine and spermidine inhibit the growth of 
various bacteria (Rozansky, Bachrach & Grosso- 
wicz, 1954). The growth of Mycobacterium tubercu- 
losis is inhibited by the degradation products of 
spermine or spermidine (Hirsch & Dubos, 1952). 

Zeller (1938) studied the enzymic degradation of 
the natural polyamines by animal tissues; the 
enzymes were not purified and the oxidation 
products were not identified. Hirsch (1953a, b) 


found that sheep and bovine plasma contain an 
enzyme oxidizing spermine and spermidine. This 
enzyme was purified (Tabor, Tabor & Rosenthal, 
1954), and its properties were studied (Werle & 
However, the degradation pro- 


Roewer, 1954). 


ducts of the polyamines by this enzyme were not 
identified. 

The oxidation of the natural polyamines by 
bacteria has not yet been thoroughly investigated. 
The only bacteria which have been found to meta- 
bolize these amines are Pseudomonas aeruginosa 
(Silverman & Evans, 1944) and Mycobacterium 
smegmatis (Roulet & Zeller, 1945). The diamines 
putrescine, agmatine and cadaverine are known to 
be oxidized by some bacteria (Gale, 1942). This 
study deals with the distribution of enzymes 
oxidizing the natural polyamines and diamines 
among bacteria. The mechanism of the oxidation is 
described. 


MATERIALS AND METHODS 


Organisms. The organisms used were obtained from the 
Diagnostic Laboratory of this department. Their identifi- 
cation was carried out according to Bergey (1948). 

Media. The organisms were grown on brain-heart- 
infusion agar (Difco) or on an ‘adaptation medium’ 
composed of: yeast extract (Difco) 1g.; K,HPO, 2 g.; 
KH,PO, 1 g.; MgSO,,7H,O 0-2 g.; amine for adaptation 
3 g.; agar 15 g.; water 1 1.; final pH 7-2. 

Cell suspensions and enzyme preparations. Bacteria 
grown on the above-mentioned media for 20 hr. at 37° were 
harvested, then washed twice with 0:85% NaCl soln. and 
kept at 4° until used. 

Dried cell preparations were obtained by drying the 
cells over P,O; at 0-3mm. Hg (centrifugal freeze-drier, 
W. Edwards and Co.). Cell-free extracts were obtained by 
subjecting washed cell suspensions to the action of the 
Mickle tissue-disintegrator (Mickle, 1948) for 1 hr. with 
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Ballotini beads size no. 14. The intact cells and debris were 
removed by centrifuging at 11 000 g for 20 min. 

Chemicals. Spermine tetrahydrochloride and spermidine 
phosphate were obtained from Hoffman—La-Roche and 
Co. Ltd. (Basle, Switzerland). Propane-1:3-diamine was 
the product of L. Light and Co. Ltd. (Colnbrook, Bucks). 
The other amines and amino acids were obtained from 
Nutritional Biochemicals Corp. (Cleveland, Ohio, U.S.A.). 
Unless otherwise stated, the hydrochlorides of the amines 
were used; the pH of the solutions was adjusted to 7-0-7-5. 

Buffer solutions. The phosphate buffers used were 
mixtures of 0-067mM-Na,HPO, and 0-067mM-KH,POQ,. 
0-05 m-2-Amino- 2-hydroxymethylpropane -1:3-diol (tris) 
buffer, pH 7-2, was prepared according to Gomori (1955). 

Manometric methods. Oxygen uptake and CO, output 
were measured by conventional Warburg manometric 
techniques with air as gas phase and bath temperature 30° 
(Umbreit, Burris & Stauffer, 1949); the ‘direct’ method of 
Warburg was used for CO, determination and correction 
was made for bound CO, by tipping acid at the end of the 
experiment. All manometric data quoted have been 
corrected for the endogenous rates. In anaerobic experi- 
ments hydrogen was the gas phase. 

Chromatographic methods. Paper chromatography was 
used for qualitative and quantitative determination (Giri, 
Radhakrishnan & Vaidyanathan, 1952) of the amines and 
their degradation products. Unless otherwise stated, 
butanol-acetic acid—water (50:25:25, by vol.) was the 
solvent (Baker, Harborne & Ollis, 1952) and papers were 
sprayed with 0-2% (w/v) ninhydrin in butanol. Other 
solvents used were: ethanol 70% (v/v) (Miller & Rockland, 
1952); pyridine-acetic acid—water (50:35:15, by vol.; 
Decker & Riffart, 1950); 95% ethanol—-amy] alcohol—-water 
(70:50:30, by vol.). 

For the identification of B-alanine and y-aminobutyric 
acid an additional paper-chromatographic method was 
employed (Kalyankar & Snell, 1957). Ion-exchange 
chromatography was used for the separation of amines. 
The column contained Amerlite IRC 50 (Bergstrém & 
Hansson, 1951). The amines were eluted by nN-H,SO, and 
estimated by quantitative paper chromatography. 

Paper electrophoresis. This was carried out by a modifica- 
tion of the method described by Bronk & Fisher (1956). 
Electrophoresis was carried out for 3 hr. with Whatman 
no. 3 paper strips (40 mm. width) and 0-05M-phthalate 
buffer, pH 3-2. A current of 0-5 ma/em. width of paper 
was employed. The paper strip was then air-dried and 
sprayed with 0-2% (w/v) ninhydrin in butanol. 

Ammonia. This was estimated by distillation (Markham, 
1942) or by nesslerization (Umbreit et al. 1949). 


Table 1. 
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Aldehydes. These were determined by the method 
described by Friedemann & Haugen (1943). 

Bioassay of B-alanine. This compound was identified and 
determined by the method of Billen & Lichstein (1949) 
with Saccharomyces fragilis as test organism. 


RESULTS 


Various bacteria were tested for their ability to 
oxidize the polyamines spermine and spermidine 
and the diamines putrescine, cadaverine and 
agmatine. P. aeruginosa oxidized all the amines 
tested, whereas Serratia marcescens oxidized 
spermidine, putrescine and agmatine; spermine 
was metabolized by a non-oxidative process, 
Corynebacterium pseudodiphtheriticum oxidized pu- 
trescine only (Table 1). Putrescine and spermidine 
were not oxidized by the following bacteria: 
Escherichia coli Oy, E. coli no. 23, Klebsiella sp., 
Proteus vulgaris, Shigella flexneri, Shigella ambigua, 
Shigella shigae, Shigella sonnei, Salmonella typhi, 
Salmonella paratyphi, Salmonella schottmuelleri, 
Salmonella typhimurium, Staphylococcus aureus 
no. 23, Micrococcus lysodeikticus, Streptococcus 
lactis, Streptococcus faecalis and Mycobacterium 
phlei. 


Oxidation of polyamines and diamines 
by Pseudomonas aeruginosa 


Factors affecting the rate of oxidation. Cells of P. 
aeruginosa grown on brain-heart-infusion agar 
oxidized spermine and spermidine slowly during the 
first hour of the experiment. The addition of these 
amines to the culture medium enhanced the rate of 
oxidation. The effect was more pronounced when 
a semi-synthetic adaptation medium was used 
(Fig. 1). Cells adapted to spermine were simul- 
taneously adapted to spermidine, and vice versa. 
The optimum pH for the oxidation of spermine and 
spermidine was 7-0—7:2. 

Oxidation products and intermediates. Spermine- 
adapted cells consumed about 8 pmoles of O, and 
set free 2-5 umoles of NH, and 6 pmoles of CO, for 
each pmole of spermine oxidized. When spermidine 
served as substrate, 9-5 wmoles of O, were consumed, 


Oxidation of polyamines and diamines by various bacteria 


Cells were grown on brain-heart-infusion agar. Each Warburg vessel contained 10 moles of substrate, 1 ml. of cell 


suspension (approx. 5 mg. dry wt.), 1 ml. of 0-067M-phosphate buffer, pH 7-0. 


In the centre well was 0-2 ml. of 15% 


(w/v) KOH; total vol. 3-2 ml. Incubation was carried out in air at 30° for 5 hr. 


Uptake of O, (l.) during the oxidation of 


Putrescine 


P 
Spermine 
Pseudomonas aeruginosa 1880 
Serratia marcescens o* 
Corynebacterium pseudodiphtheriticum 0 


Organism 


Spermidine 
2140 
923 


Agmatine Cadaverine No substrate 
570 533 870 
612 580 0 
452 0 0 


* Metabolized by a non-oxidative process. 
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3pmoles of NH, and 6 wmoles of CO, were set free 
for each pmole of substrate. It had been shown by 
paper chromatography that all the spermine or 
spermidine disappeared during these experiments. 
It is remarkable that the total consumption of O, 
and production of NH, were higher with spermidine 
than with spermine (Fig. 1). 

On oxidation of spermine or spermidine by 
adapted cells, an intermediate giving a positive 
ninhydrin reaction was detected by paper chro- 
matography. Fig. 2 shows that the concentration 
of this intermediate was maximal at the end of the 
first hour of the experiment; on further incubation 
its concentration decreased and finally the inter- 
mediate disappeared. This compound was shown 
to be f-alanine by paper chromatography, paper 
electrophoresis and by microbiological assay. 

Quantitative estimation of B-alanine by bio- 
assay and paper chromatography showed a maxi- 
mal formation of about 2ymoles of f-alanine/ 
pmole of spermine and about 1 pmole of B-alanine/ 
pmole of spermidine consumed. These results made 
us assume that f-alanine was formed from the 
[CH,], fragments of the polyamine molecule. This 
was supported by the fact that propane-1:3- 
diamine was also oxidized to f-alanine by P. 
aeruginosa. 1 umole of B-alanine was formed/ mole 
of propane-1:3-diamine consumed. 

When spermine and spermidine were oxidized by 
unadapted cells several ninhydrin-positive spots 
appeared on the paper chromatogram. As seen 


600 






a 


Uptake of O2 (yl.) 


id 
So 
o 


100 


0 1 2 3 4 5 

Time (hr.) 

Fig. 1. Oxidation of spermine and spermidine by Pseudo- 

monas aeruginosa. Experimental conditions were as 

given in Table 1; @, 2-5umoles of spermine; O, 2-5p- 

moles of spermidine. - --, Cells grown on adaptation 

medium without spermine ; ——, cells grown on adapta- 

tion medium containing spermine. 
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from Fig. 3, after incubation of cells with spermi- 
dine for 45 min., spots corresponding to propane- 
1:3-diamine, f-alanine and y-aminobutyric acid 
appeared. After incubation for 240 min. spermidine 
completely disappeared, whereas the intermediates 
were still present. The upper spot of propane- 
1:3-diamine apparently does not represent an 





Amine (zmoles) 
w 


0 1 2 3 4 5 
Time (hr.) 

Fig. 2. Formation of B-alanine from spermine and spermi- 
dine by Pseudomonas aeruginosa. Cells were grown on 
adaptation medium containing spermine. Experimental 
conditions were as given in Table 1. Substrate (2-5y- 
moles) was spermine or spermidine. Samples were taken 
at the times indicated and centrifuged, and the super- 
natants analysed by paper chromatography. @, 
Spermine; A, spermidine; @, f-alanine formed from 
spermine; O, f-alanine formed from spermidine. 
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45min. 240 min. 
Spermidine + cells 


Spermidine 
y-Aminobutyric acid 
Propane-1 :3-diamine 

f-Alanine 


Fig. 3. Oxidation of spermidine by unadapted cells of 
Pseudomonas aeruginosa. Cells were grown on brain— 
heart-infusion medium. Experimental procedure was as 
given in Fig. 2. Spermidine (2-5umoles) served as sub- 
strate. The figure represents a photograph of a chromato- 
gram. 
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impurity as it always appeared when synthetic or 
biological products were tested. This upper spot 
coincides in its position with that of B-alanine, but 
it might easily be distinguished by its different 
colour with ninhydrin. The intermediates were 
identified by paper chromatography, with different 
solvents, and by paper electrophoresis. When 
spermine was used as the substrate an additional 
spot of spermidine appeared at the beginning of the 
reaction. 

The occurrence of B-alanine, y-aminobutyric acid 
and propane-1:3-diamine as intermediates was also 
proved by simultaneous-adaptation technique 
(Stanier, 1947). Cells grown on_ brain—heart- 
infusion medium hardly oxidized propane-1:3- 
diamine or f-alanine, and y-aminobutyric acid was 
oxidized initially at a slow rate. Cells adapted to 
spermine oxidized propane-1:3-diamine or f- 
alanine without a lag period and oxidation of y- 
aminobutyric acid was enhanced (Fig. 4). 

Aldehydes are formed during the oxidation of 
amines by mammalian amine oxidase (Zeller, 
1951). In our experiments aldehydes could be 
detected during the oxidation of spermine or 
spermidine, only by the use of ‘aged’ or freeze- 
dried cells. 





Uptake of O2 (yl.) 


Time (hr.) 


Fig. 4. Oxidation of the degradation products of spermine 
by Pseudomonas aeruginosa. Experimental conditions 
were as given in Table 1; ™, 5umoles of y-aminobutyric 
acid; @, 5umoles of propane-1:3-diamine; A, 5ymoles 
of f-alanine. ——, Cells grown on adaptation medium 
containing spermine; - - -, cells grown on brain-heart- 
infusion medium. 
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Oxidation of polyamines and diamines 
by Serratia marcescens 


Factors affecting the rate of oxidation. Cells grown 
on brain—heart-infusion medium oxidized putres- 
cine and agmatine after a lag period of about 2 hr. 
The oxidation of spermidine occurred without such 
a long lag. The lag period could be eliminated by 
growing the cells on adaptation medium containing 
the corresponding amine. Cells adapted to 
spermidine were not adapted simultaneously to 
putrescine, and vice versa (Fig. 5). 

Oxidation products and intermediates. During the 
oxidation of putrescine, agmatine or spermidine, 
O, was taken up and CO, and NH, were evolved. 
No ninhydrin-positive compounds could be detected 
during the oxidation of putrescine or agmatine. 
When spermidine served as substrate several 
ninhydrin-positive compounds were formed (Fig. 6). 
The identity of the lower spots (R, 0-20, 0-55) with 
propane-1:3-diamine was proved by paper chro- 
matography and paper electrophoresis. This oxid- 
ation product was also separated by ion-exchange 
chromatography and its chloroplatinate was 
prepared. This derivative blackened at 230° 
and sintered at 240° like the chloroplatinate of 
authentic propane-1:3-diamine (Wrede, 1926). As 
expected, this degradation product was oxidized to 
B-alanine by cells of P. aeruginosa. 

The upper spots (R, 0-60, 0-69) seen in the 
chromatogram (Fig. 6) apparently represent one 


compound (as with propane-1:3-diamine) since the 
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Fig. 5. Oxidation of spermidine and putrescine by 
Serratia marcescens. Experimental conditions were as 
given in Table 1; @, 5umoles of spermidine; O, 5yumoles 
of putrescine. —, Cells grown on brain—heart-infusion 
medium; - - -, cells grown on adaptation medium con- 
taining putrescine. 
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spots always appeared and disappeared simul- 
taneously. On prolonged incubation the com- 
pound was metabolized. This intermediate could 
not be obtained in sufficient quantity to be identi- 
fied. During the oxidation of spermidine in the 
presence of 3 mM-semicarbazide a new ninhydrin- 
positive compound was formed instead of the 
unidentified intermediate. This new compound was 
identified chromatographically and _ electrophor- 
etically as y-aminobutyric acid. y-Aminobutyric 
acid was obtained also by the oxidation of the 
unidentified intermediate in the presence of semi- 
earbazide in the following manner: spermidine was 
incubated with cells of S. marcescens and the re- 
action was interrupted when spermidine com- 
pletely disappeared; at that time the intermediate 
reached its maximum concentration (Fig. 6). Cells 
were then removed by centrifuging and discarded. 
Semicarbazide in a final concentration of 6 mm and 
fresh cells were then added. During further incu- 
bation (6hr.) the intermediate compound dis- 
appeared and y-aminobutyric acid was formed 
instead, as shown by paper chromatography. 
Oxygen was taken up during this reaction. y- 
Aminobutyric acid also accumulated during the 
oxidation of putrescine and agmatine in the 
presence of semicarbazide. y-Aminobutyric acid 
was oxidized very slowly by S. marcescens. The 
oxidation was enhanced by the addition of glucose, 
glutamic acid, «-oxoglutaric acid, succinic acid or 
pyruvic acid. 

Spermine was slowly metabolized by cells of S. 
marcescens. This process was non-oxidative as no 
0, uptake was observed (cf. Table 1). Several 
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Spermidine 


y-Aminobutyric acid 
Propane-1 : 3-diamine 


Fig. 6. Oxidation of spermidine by Serratia marcescens. 
Cells were grown on brain-heart-infusion medium. 
Experimental procedure was as given in Fig. 2 Spermi- 
dine (10umoles) served as substrate. The figure repre- 
sents a photograph of a chromatogram. 
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ninhydrin-positive compounds were formed. One 
of them seemed to be propane-1:3-diamine and the 
other was similar to the unidentified intermediate 
(R, 0-60, 0-69) obtained during the oxidation of 
spermidine. The same compounds were also ob- 
tained in very small amounts when cells of S. 
marcescens were incubated under anaerobic condi- 
tions with both spermine and spermidine. 


Oxidation of putrescine by Corynebacterium 
pseudodiphtheriticum 


C. pseudodiphtheriticum oxidized putrescine only 
(Table 1). This diamine was oxidized without a lag 
period by cells grown on _ brain—heart-infusion 
medium. Carbon dioxide and NH, were evolved 
and no ninhydrin-positive compounds appeared 
during the reaction. 


Eiffect of inhibitors on the oxidation 
of the polyamines and diamines 

Carbonyl reagents are known to inhibit diamine 
oxidase (Zeller, 1951). The effect of these reagents 
on the oxidation of the amines by P. aeruginosa 
and S. marcescens was therefore tested. Table 2 
shows that hydroxylamine and semicarbazide 
inhibited the oxidation of the amines by both 
organisms, the latter being less active. «soNico- 
tinic acid hydrazide and dihydrostreptomycin 
were also tested for inhibitory activity; the first 
was found to be moderately active, whereas the 
second hardly affected the oxidation of the amines 
(Table 2). Amines which were not oxidized by the 
bacteria exerted an inhibitory effect on the degra- 
dation of the oxidizable amines (Table 3). In order 
to establish the nature of this inhibition, the in- 
fluence of cadaverine on the oxidation of various 
amounts of putrescine by S. marcescens was tested. 
Results, given according to Lineweaver & Burk 
(1934), show the competitive nature of this in- 
hibition (Fig. 7). The oxidation of putrescine by a 
cell-free extract of C. pseudodiphtheriticum was 
also inhibited by spermine. 


DISCUSSION 


A proposed pathway for the degradation of 
spermine and spermidine by P. aeruginosa is given 
in the scheme shown in Fig. 8. 

The first step in the degradation of spermine is 
oxidative, as it was not metabolized under an- 
aerobic conditions. The oxidation is carried out by 
an amine oxidase apparently responsible also for 
the oxidation of spermidine and propane-1:3- 
diamine. According to Zeller (1951) the first step 
in amine oxidation is the formation of an imine 
which spontaneously hydrolyses to the corre- 
sponding aldehyde. Such an imine is likely to be 
formed also during the oxidation of spermine by 
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Table 2. Effect of inhibitors on the oxidation of amines by Pseudomonas aeruginosa 
and Serratia marcescens 


Experimental conditions were as given in Table 1, but the cells were preincubated with the inhibitor for 30 min. 


P., P. aeruginosa; S., S. marcescens. 


Concn. 
Inhibitor (mm) 
Hydroxylamine 0-5 
0-5 
0-8 
Semicarbazide 60 
1 
4 
4 
isoNicotinic acid hydrazide 10 
2 
2 
2 
Dihydrostreptomycin 2 
0-2 
0-4 


Table 3. Inhibition of amine oxidation 
by non-oxidizable amines 


Experimental conditions were as given in Table 2. 
S., S. marcescens; C., C. pseudodiphtheriticum. 


Inhibition 
of uptake 
Inhibitor Substrate of O, 
(4 mm) Organism (3-3 mmo) (%) 
Spermine 8. Spermidine 64 
Spermine 8. Agmatine 73 
Spermine 8. Putrescine 71 
Spermine C. Putrescine 68 
Spermine GF Putrescine 68 
Spermidine C. Putrescine 53 
Cadaverine 8. Agmatine 88 
Cadaverine C. Putrescine 32 
Arcaine 8. Agmatine 47 
Arcaine C. Putrescine 78 


* Cell-free extract. 


P. aeruginosa (Fig. 8, step 1). The imine is then 
converted into spermidine and into an aldehyde 
(step 2). This aldehyde and those formed during 
the oxidation of spermidine (step 5) or propane- 
1:3-diamine (step 8) are rapidly further oxidized by 
the fresh cells. Aldehydes could be demonstrated 
with ‘aged’ or freeze-dried cells. Similar results 
were obtained by Silverman & Evans (1944). The 
aldehyde formed in step 4 (4a) is oxidized to f- 
alanine, which is slowly metabolized. The oxid- 
ation of spermidine proceeds through propane-1:3- 
diamine (step 5), which is oxidized to f-alanine 
(steps 6, 8, 4a). Another oxidation product of 


spermidine is y-aminobutyric acid, which is further 
metabolized. 

It follows from the suggested scheme that f- 
alanine is formed from the [CH,], fragment of the 


Inhibition 
of uptake 
Substrate of O, 

Organism (umoles) (%) 
P. Spermine 2-5 100 
8. Spermidine 10-0 73 
8. Agmatine 10-0 96 
Fr. Spermine 2-5 82 
P. Spermine 2-5 37 
8. Spermidine 10-0 87 
8. Putrescine 10-0 87 
r. Spermine 2-5 68 
P. Spermine 2-5 42 
8. Spermidine 10-0 19 
8. Agmatine 10-0 84 
P. Spermine 2-5 20 
it Spermine 2-5 15 
S. Agmatine 10-0 0 

25 

20 

15 
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Fig. 7. Effect of cadaverine on the oxidation of putrescine 
by Serratia marcescens. Cells were grown on adaptation 
medium containing putrescine. Experimental conditions 
were as given in Table 1, but 1-0, 2-5, 5-0 or 10-0 zmoles 
of putrescine were used as substrate. Cadaverine 
(10-0 umoles) served as inhibitor. [S], Substrate con- 
centrations (in ymoles/3 ml.); V, reaction velocity (pl. 
of O, taken up in 30min.). @, Putrescine without 
inhibitor; O, putrescine and cadaverine. 





polyamine molecule, whereas the [CH,], fragment 
contributes to the formation of y-aminobutyric 
acid. The possible importance of this new pathway 
for the formation of B-alanine has already been dis- 
cussed (Razin, Bachrach & Gery, 1958). Further 
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investigations into the degradation of B-alanine and 
y-aminobutyric acid by P. aeruginosa are in 
progress. 

With spermidine as substrate, the rate of oxid- 
ation and the total uptake of oxygen and evolution 
of ammonia and carbon dioxide were higher than 
with spermine. No explanation could be offered for 
these unexpected observations. Spermine and 
spermidine obtained from different commercial 
sources behaved similarly. The same results were 
obtained also when 0-05mM-tris buffer, pH 7-2, was 
used instead of phosphate buffer in the reaction 
mixture. 

S. marcescens oxidized putrescine, agmatine and 
spermidine, i.e. compounds which contain a 
[CH,], fragment in their molecule. Cadaverine, 
H,N°[(CH,],;*NH,, was not oxidized. As shown by 
adaptation experiments, the enzymes responsible 
for the oxidation of the diamines putrescine and 
agmatine apparently differ from those oxidizing 
spermidine. 

During the oxidation of spermidine by S. 
marcescens propane-1:3-diamine was formed. Un- 
like P. aeruginosa, S. marcescens was unable to 
oxidize propane-1:3-diamine, and this diamine 
accumulated as an end product. y-Aminobutyric 
acid seems also to be an intermediate in the oxid- 
ation of spermidine by S. marcescens, as it is with 
P. aeruginosa, although its presence could be 
demonstrated after addition of semicarbazide only. 
The ninhydrin-positive intermediate (R, 0-60, 0-69) 


METABOLISM OF AMINES BY BACTERIA 557 


probably originates from the [CH,], fragment of 
spermidine molecule, as it was converted into y- 
aminobutyric acid in the presence of semicarbazide. 
The oxidation of y-aminobutyric acid by cells of 
S. marcescens was enhanced in the presence of 
other oxidizable compounds. Similar results have 
been reported by Higashi, Horio & Okunuki (1957). 
The oxidation of putrescine by S. marcescens 
apparently proceeds via y-aminobutyric acid. A 
similar mechanism has already been described for 
the oxidation of putrescine by mammalian tissues 
(Zeller, 1942). 

Inhibition of the oxidation of poly- and di-amines 
by carbonyl reagents is in agreement with the 
known effect of these reagents on diamine oxidase 
activity (Zeller, 1951). According to Davison 
(1956) zsonicotinic acid hydrazide inhibited diamine 
oxidase activity. In our experiments this com- 
pound exerted a weak effect only. Dihydrostrepto- 
mycin, which strongly inhibits diamine oxidase 
activity of Mycobacterium’ smegmatis (Owen, 
Karlson & Zeller, 1951), had no significant effect on 
the oxidation of the polyamines by P. aeruginosa 
and S. marcescens. 

Another kind of inhibition is shown by non- 
oxidizable amines. For example, cadaverine, 
H,N°(CH,],*-NH,, inhibited the oxidation of 
putrescine, H,N*(CH,],°NH,, and spermine in- 
hibited the oxidation of spermidine and putrescine 
by S. marcescens. Similar observations have been 
reported for M. smegmatis (Roulet & Zeller, 1945). 





H,N-[CH,],*NH-+[CH,],*NH*[CH,],*NH, 


Spermine 


(1) | -2H 


H,N-[CH,],*NH-[CH,],-N:CH*[CH,],*NH, 


(2) | +H,O 


H,N-[CH,],*NH[CH,],-NH, + OHC-[CH,],"NH, 


Spermidine 


(3) | -2H 
‘ 


H,N*[CH,],“N:CH*[CH,],*NH, 
(5) | +H,O 


H,N-[CH,],*NH, + OHC-[CH,],"NH, 


Propane-1:3-diamine 
(6) | -2H (7) 

H,N°(CH,],*CH:NH 
(8) — 


H,N-[CH,],“CHO +NH, 
(4a) | [0] 


H,N-[CH,],°CO,H 
B-Alanine 
1 


¥ 
CO,+NH; 


| 
(4) +[0] 
HO,C*[CH,].*NH, 
B-Alanine 
' 


4 
CO, +NH, 


! 


| (0) 


HO,C*[CH,],*NH, 
y-Aminobutyric acid 


' 


CO,+NH; 


Fig. 8. A proposed pathway for the degradation of spermine and spermidine by Pseudomonas aeruginosa. 
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Spermidine inhibited the oxidation of putrescine by 
cell-free extract from C. pseudodiphtheriticum, 
whence it is suggested that this polyamine directly 
interfered with the activity of the amine oxidase. 


SUMMARY 


1. The oxidation of natural polyamines and 
diamines by bacteria was studied. Out of twenty 
species tested only Pseudomonas aeruginosa, 
Serratia marcescens and Corynebacterium pseudo- 
diphtheriticum were active. P. aeruginosa oxidized 
spermine, spermidine, putrescine, agmatine and 
cadaverine, S. marcescens oxidized spermidine, 
putrescine and agmatine, whereas C. pseudodiph- 
theriticum oxidized putrescine only. 

2. Spermine was degraded by P. aeruginosa to 
spermidine, which was further oxidized to propane- 
1:3-diamine, B-alanine and y-aminobutyric acid. 

3. Propane-1:3-diamine accumulated during the 
oxidation of spermidine by S. marcescens. 

4, Carbonyl reagents inhibited the degradation 
of the poly- and di-amines. isoNicotinic acid 
hydrazide and dihydrostreptomycin were less 
active. Amines which were not oxidized by the 
bacteria exerted an inhibitory effect on the de- 
gradation of the oxidizable amines. 
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A study of the relationship of the structure of the 
horse-heart cytochrome c haemochromogen to the 
enzymic activity of the protein could be under- 
taken in view of: (a) the firm thio ether bonds 
which link the protein to the haem (Theorell, 1938; 
Theorell, 1939; Paul, 1951), enabling the isolation, 
after proteolytic digestion, of a relatively small 
portion of the protein adjacent to the haem (Tsou, 
1951a, b), and (b) the isolation, by column chro- 
matography on cation exchangers, of a graded 
series of denatured forms of the protein, showing a 
gradation of concomitant changes in enzymic 
activity, on the one hand, and of various typical 
properties of the cytochrome c haemochromogen, 
such as the pH range of stability of the reduced 
spectrum and the percentage combination with 
carbon monoxide, etc., on the other. 

While this work was in progress a series of papers 
by Tuppy & Bodo (1954a-c) and Tuppy & Paleus 
(1955) established the following amino acid 
sequence for that part of the cytochrome c protein 
next to the haem: 


Val. Glu(NH,).Lys.Cys. Ala.Glu(NH,). 
4 3 4 5 6 


Cys. His. Thr. Val.Glu. Lys 
7 8&8 9 bt HW 


The haem was bound to the chain through thio 
ether bonds to the two cysteine residues. The 
amino acids 4-12 occurred in the product isolated 
after trypsin digestion of horse-, ox- and pig-heart 
cytochrome c, and the amino acid sequence 1-11 
was found in the corresponding pepsin-digestion 
product from ox and salmon cytochrome c, and 
serine replaced the alanine in position 5 in chicken 
cytochrome c. In a more recent report Tuppy 
(1957) found that the sequence 1—11 occurred also 
in horse-heart cytochrome c, and in silkworm cyto- 
chrome c arginine replaced the lysine in position 3. 

Paleus, Ehrenberg & Tuppy (1955) have made a 
spectrophotometric, titrimetric and magnetometric 
study of the pepsin-digested product (pepsin- 
digested cytochrome c ‘core’); Ehrenberg & 
Theorell (1955), on the basis of spectrophotometric 
studies and molecular weights of this product 
estimated by ultracentrifugal sedimentation, have 
proposed a detailed structural model of the ‘core’ 
as well as of the whole cytochrome ¢c molecule. 


The present paper confirms for horse-heart 
cytochrome c the sequence established by Tuppy & 
Paleus (1955) for the pepsin-digested ‘core’ from 
various cytochromes c, and presents the results of 
a study of some of the properties of a series of 
denatured horse-heart cytochromes c, the pepsin 
digested ‘core’ being considered as the most 
degraded form of the haemochromogen. Evidence 
for a proposed structural model of this peptide is 
given in a study of its sedimentation character- 
istics, and numerical data on the spectrum of 
purified horse-heart cytochrome c are included in 
the Appendix to this paper. 

A similar confirmation of the amino acid sequence 
of pepsin-digested horse-heart cytochrome c¢ ‘core’ 
has been announced by Leaf & Gillies (1955) and a 
preliminary report of part of the present work has 
been presented (Margoliash, 1955). 


MATERIALS AND METHODS 


Cytochrome c. This was prepared from horse hearts by the 
method of Keilin & Hartree (1945) and purified by chro- 
matography on Amberlite IRC-50 columns (Margoliash, 
19546). Fraction I (enzymically active) was eluted with 
0-25M-ammonium acetate, and the enzymically less-active 
fraction II was divided into three parts by successive 
elutions with 0-5M-ammonium acetate (Ila), 0-75m- 
ammonium acetate (I1b) and M-ammonium acetate (IIc). 

The activities of the various cytochrome c fractions in the 
cytochrome oxidase and succinic oxidase systems, their 
iron contents and rate of ascorbic acid oxidation as well as 
the dry weights of the heart-muscle preparations were 
determined as described by Margoliash (1954a). Total 
sulphur was determined by digestion in sealed capillary 
tubes with fuming HNO, containing 90% (w/v) of HNO, at 
300-350° for 6 hr., and precipitating the sulphate formed as 
benzidine sulphate, in acetone, and determining the pre- 
cipitated benzidine colorimetrically (Letonoff & Reinhold, 
1936). 

Preparation of the pepsin-digested cytochrome c ‘core’. 
Cytochrome c fraction I (1 g.) in 100 ml. of 0-5M-acetic acid 
was digested with 50mg. cf twice-recrystallized pepsin 
(Worthington Biochemical Co., St Louis, Mo., U.S.A.) at 
37° for 48 hr. The pepsin coagulated on boiling for 4 min., 
was filtered off and the ‘core’ precipitated by dialysing 
against several changes of distilled water. The precipitated 
peptide containing the cytochrome c haem was separated 
by centrifuging, redissolved in a minimal volume of aq. 
0-05n-NH, soln. and reprecipitated by dialysis against 
water, adding two drops of acetic acid/l. to the outer fluid 
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of the third change of water. This procedure was repeated 
once more. The final precipitate was dissolved in aq. 
0-01n-NH, soln. and percolated through a column 
(1 em. x 10 em.) of Amberlite IRC-50 in the NH,* form to 
remove any traces of partially digested material. The 
filtrate was dialysed against several changes of aq. mN- 
NH, soln. and freeze-dried over H,SO,. Yield: 90-110 mg.; 
iron content: 2-09-2-66%, corresponding to 16-12 amino 
acid residues. This preparation is similar to the ‘pepsin 
modified cytochrome c’ obtained by Tsou (195la). The 
highest yields were obtained by keeping the volumes of the 
solution dialysed to a minimum. The ‘core’ precipitated at 
slightly acid pH (4-5-5-5), but tended to diffuse through the 
cellophan tubing readily at lower pH values, and at slightly 
alkaline pH (8-8-5) it did not precipitate and did not 
diffuse appreciably out of the dialysis tubing. 

The haem could be separated from the peptide attached 
to it by the method of Paul (1950). Silver acetate was used 
and the heating at 55° had to be continued for 10-12 hr. in 
order to remove the haem entirely, as compared with the 
90 min. used by Paul for cytochrome c. The excess of silver 
was removed by adsorption on a column of Amberlite 
IRC-50, which did not retain either the haem or the pep- 
tide. The cysteines were oxidized to cysteic acid with 
performic acid (Sanger, 1949a). This performic acid treat- 
ment of the haem-containing peptide split the haem off 
quantitatively, so that the preliminary removal of the 
haem by the silver-salt technique of Paul (1950) was un- 
necessary and was omitted in later experiments. 

Studies of amino acid sequence. The methods used were 
essentially those developed by Sanger et al. (Sanger, 19496; 
Sanger & Tuppy, 195la; Sanger & Thompson, 1953a). 
Total hydrolysis of peptides was carried out in sealed 
capillary tubes in glass-distilled 5-6N-HCl at 105° for 18 hr. 
Semi-quantitative estimations of the amino acids after 
two-dimensional paper chromatography were performed by 
the ninhydrin method of Fowden (1951). Histidine was 
determined separately according to Macpherson (1942) 
after elution with 0-1N-HCl from one-dimensional paper 
chromatograms developed with the butan-1-ol—formic acid— 
water (75:15:10, by vol.) mixture of Acher & Crocker 
(1952). Dinitrophenyl amino acids (DNP-amino acids) 
were estimated spectrophotometrically after elution from 
paper chromatograms with 35 % (v/v) acetic acid in water. 
The solvents used for development of the chromatograms 
were butanol-formic acid—water (Acher & Crocker, 1952) 
for the DNP-derivatives of histidine and e-DNP-lysine, 
and tert.-amyl alcohol—phthalate buffer (Blackburn & 
Lowther, 1951) for the other DNP-amino acids. 

Paper electrophoresis was carried out with strips of 
Whatman no. 3MM paper 20 cm. wide, stretched on a glass 
frame immersed in a tank containing carbon tetrachloride. 
The buffer used for the electrophoresis of the ‘core’, the 
haem-free peptide and the oxidized peptide mixture was 
0-05M-ammonium acetate, pH 7-0, and that used for the 
peptide mixture resulting from partial hydrolysis was a 
collidine-acetic acid buffer, pH 7-0, according to Lockhart 
& Abraham (1954). 

Partial hydrolysates were obtained directly from the 
whole pepsin-digested cytochrome c ‘core’ by incubating 
at 37° with 12n-HCl, for 8 and for 12 days, 50 mg. of 
‘core’ being used for each experiment. The peptide mixture 
was separated into a neutral fraction and several acid and 
basic fractions by paper electrophoresis; 5-8 mg. of the 
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mixture was applied on each 10 cm. of the starting line of 
the electrophoresis paper. With the 8 days’ hydrolysate the 
peptides were separated into groups by paper electro- 
phoresis and each group was separately oxidized by per- 
formic acid, whereas with the 12 days’ hydrolysate the 
whole mixture was oxidized before electrophoresis. A side 
strip of each paper was developed with 0-2% ninhydrin in 
propan-2-ol, the fractions were eluted separately with 
water, the peptides resolved on two-dimensional paper 
chromatograms and localized by spraying with 0-:02% 
ninhydrin. 

The amino acids of each peptide were identified by paper 
chromatography after total hydrolysis, and the N-terminal 
residue was identified after reaction with 1-fluoro-2:4- 
dinitrobenzene (FDNB) in 1% trimethylamine. The nin- 
hydrin-reacting amino acids remaining after dinitrophenyl- 
ation and the DNP-amino acids produced were identified 
after total hydrolysis on suitable paper chromatograms. 
Two-dimensional chromatograms for free amino acids 
were developed first with phenol saturated with water, the 
cabinet containing in separate jars 1 1. of water to which 
10 ml. of aq. NH, soln. (sp.gr. 0-880) was added, and 
250 ml. of water-saturated phenol to which 20 g. of KCN 
was added. For peptides the amount of aq. NH, soln. 
(sp.gr. 0-880) added to the water was decreased to 30 ml., 
the volume used by Sanger & Tuppy (1951a). In the second 
dimension the solvent used was butan-l-ol-acetic acid- 
water (50:10:40, by vol.), aged for 10 days. The abbrevia- 
tions for the amino acids and the methods for referring to 
peptides are those used by Sanger & Tuppy (1951a), and 
the method for indicating the relative strength of the nin- 
hydrin amino acid coloration after paper. chromatography 
is that of Consden, Gordon & Martin (1949). 

pH-eztinction curves. The effect of pH on the spectral 
absorption of the reduced forms of the various cytochrome c 
fractions and the pepsin-digested ‘core’ was estimated by 
mixing equal volumes of a solution of known concentration 
of the protein and appropriate buffers, reducing the haemo- 
chromogen by adding a minimal amount of sodium dithio- 
nite to the solution in the spectrophotometer cell and 
reading the extinction immediately. The percentage com- 
bination with CO at various pH values was determined as 
described by Tsou (1951a). The buffers used were: 0-1N- 
HCl for pH 1, sodium citrate-HCl for pH 2-3, sodium 
acetate-acetic acid for pH 4-5, phosphate for pH 6-8, 
sodium borate-NaOH for pH 9-12, and 0-1n-NaOH for 
pH 13. The final buffer concentration was always 0-1M 
in the pH range 2-12, and the final pH of the mixtures was 
determined with a glass electrode. The pH scale was 
standardized with standard buffers. The actual position of 
the maxima around 550 and 520 my and the minimum at 
535 mp was found in each case. The spectrophotometers 
used were a Hilger Uvispek and a Beckman DU. 

Ultracentrifuge studies. Most of the sedimentations were 
performed in a Svedberg oil-turbine ultracentrifuge at 
900 rev./sec. and 26-28°. The diagonal-schlieren optical 
system was used (Philpot, 1938). The light source was a 
tungsten lamp. A wave band at approximately 600 mp was 
selected by means of a non-deviating prism: this wave 
band was found to give the least contrast between sedi- 
menting ‘core’ and supernatant buffer on the photographic 
record. Optical-path lengths were 12 and 3mm. for 
reduced and oxidized ‘core’ respectively. Eight to 10 
photographs were taken at 10 min. intervals with 4 min. 
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exposures. A diagonal fibre replaced the knife edge in the 
optical system; the position of the concentration-gradient 
‘peak’ was measured both at the upper and at the lower 
edge of the fibre image to correct for any effect of the photo- 
graphic density gradient across the boundary on the 
apparent position of the ‘peak’. Sedimentation coefficients 
were calculated by the method of Cecil & Ogston (1948) ; for 
the reduced ‘core’ a standard error of +2% can be 
assumed. 

An amount (5-1-5-7 mg.) of the pepsin-digested cyto- 
chrome c ‘core’ was dissolved in 1-0 ml. of the requisite 
buffer solution and reduced by the addition of minimal 
amounts of solid sodium dithionite, under nitrogen. 
Determinations of pH of the final solution were made with 
a glass electrode. 

For those sedimentations at pH 2-0, 3-0 and 11-5, done 
with a synthetic boundary cell (optical-path length 9mm.), a 
modified Spinco (Spinco Velocity Ultracentrifuge model E) 
motor-driven centrifuge was used at 877 rev./sec. and 
23-26°. The light source was a mercury-are lamp, the 
whole mixed (unmonochromated) light output was used 
and the ‘core’ solution (2-5 mg./ml. of buffer) was equili- 
brated with the buffer solution by a short dialysis. Photo- 
graphs were taken at 5 min. intervals with 1 min. ex- 
posures. The rest of the procedure was the same as de- 
scribed above. 


RESULTS 
Amino acid sequence of the pepsin-digested 
cytochrome ec ‘core’ 


The pepsin-digested cytochrome c ‘core’ appeared 
to be electrophoretically homogeneous at pH 7-0. 
However, after oxidation with performic acid, 
either directly or after preliminary removal of the 
haem by the silver-salt treatment, paper electro- 
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Fig. 1. 
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phoresis showed three main peptides (marked a, b 
and c in Fig. 1) with peptide c predominant and six 
other peptides in very much smaller yields, as 
judged by the ninhydrin coloration. Of the three 
main peptides, peptide c contained all the amino 
acids present in the ‘core’, peptide a lacked 
histidine and threonine and peptide b lacked alanine 
(Table 1). In view of the overall sequence estab- 
lished by Tuppy & Paleus (1955) and confirmed 
below, peptide 6 represented the C-terminal half 
of the peptide beginning at the glutamic acid 
residue between the two cysteines, and peptide a 
the N-terminal half ending at the alanine residue 
between the two cysteines. This was also confirmed 
by the trace of DNP-glutamic acid formed in the 
reaction of the ‘core’ with FDNB (Table 1). 
Every one of the nine peptides separated by paper 
electrophoresis was shown to contain cysteic acid. 
Since the attachment of the peptide chain of the 
‘core’ to the haem is through thio-ether bonds, 
including the S atoms of both cysteine residues 
which were oxidized to cysteic acid by the per- 
formic acid treatment, every one of these peptides 
was originally attached to the haem, and formed 
part of the same overall amino acid sequence. It 
was thus unnecessary to determine the amino 
acid sequence of each peptide separately, and the 
entire ‘core’ preparation was used for the prepara- 
tion of partial hydrolysates. 

Fig. 1 shows a typical electrophoresis pattern of 
such a partial acid hydrolysate, and Table 2 lists 
the sequence of the peptides which were isolated 
from two-dimensional paper chromatograms of 





Ay 


NAN 


Paper-electrophoresis pattern of pepsin-digested horse-heart cytochrome ¢ ‘core’ (I), pepsin-digested cytochrome c 


‘core’ after oxidation with performic acid (II), and 12 days’ acid hydrolysate of pepsin-digested cytochrome c ‘core’ 


(ILI). 


Ay, Ay, N and B indicate the acidic fractions I and II, the neutral and the basic fractions respectively, of 


the 12 days’ acid hydrolysate; a, b and c indicate the three main peptides present in the performic acid-oxidized 


‘core’ (see Table 1). 
36 


Buffer: 0-05M-ammonium acetate, pH 7-0; 12v/cm.; 


2-5 hr. 
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various electrophoretic fractions of the 8 and 12 
days’ partial hydrolysates. The results given in 
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Ala.Cys, could be fitted into the following unique 
sequence (see Table 3): 


Table 2, representing those peptides which could 
be isolated and identified with certainty, are 
sufficient to establish the required sequence of 
amino acids. All of the peptides identified, except 


Val. Glu. Lys.Cys.Ala.Glu.Cys.His.Thr. 
Val. Glu. Lys. 


The peptide, Ala.Cys, which does not form part of 


Table 1. Amino acid composition of pepsin-digested horse-heart cytochrome c ‘core’ and of peptides 
obtained from it after oxidation with performic acid 


Amino acids were estimated according to Fowden (1951) after paper chromatography. Cysteine was estimated from 
determination of total S. Histidine was determined by the Pauly reaction according to Macpherson (1942). The relative 
intensities of amino acids after ninhydrin reaction are indicated by + signs; — indicates none found. Yields of DNP-amino 
acids are not corrected for destruction during acid hydrolysis. Substitution at the e-nitrogen atom of lysine is indicated by 
e and at the imidazole nitrogen atom of histidine by im. 


Horse-heart 
cytochrome c ‘core’ 
~~ Main peptides obtained by performic 
DNP-amino 





Amino acid oxidation (Fig. 1) 
acids acids cr - . 
(moles/mole) (moles/mole) Peptide a Peptide b Peptide c 

Glutamic acid 2-9 <01 ++ ++ ++++ 
Cysteine 1-72 ° - ~ ~ 
Cysteic acid i . +b ++ +4+44+ 
Valine 2-1 0-7 + ++ +++ 
Alanine 1-2-1-3 ++ - 4 4 4 
Threonine 0-8 - + ke 
Leucine-isoleucine 0-2 . - i i 
Lysine 1-6 1-4 (e) ++ ++ ++++ 
Histidine 1-2 0-9 (im) ~ + +++ 


Table 2. Peptides obtained from acid hydrolysates of pepsin-digested horse-heart cytochrome c ‘core’ 


The order of the residues given in parentheses was not determined. Free amino acids found in the electrophoretic 
fractions were not included in the Table, and peptides found in more than one electrophoretic fraction were mentioned 
only under the fraction in which they occurred most abundantly. Chromatographic solvents are given under Methods. 
Peptides 1-5 were found in the neutral fraction of the 8 days’ hydrolysate. Peptides 6-12 were found in the acidic fraction I, 
peptides 13-15 in the acidic fraction II and peptides 16-19 in the neutral fraction of the 12 days’ hydrolysate. Substitu- 
tion at the e-nitrogen atom of lysine is indicated by ¢ and at the imidazole nitrogen atom of histidine by im. 


Approx. R, in 
meen 


Amino acids present Butanol- 





oo . DNP-amino acetic 
After DNP acids acid— 
No. In original peptide treatment identified Probable structure Phenol water 
1 Glu, Ala, CySO,H Glu, CySO,H Ala Ala.(Glu CySO,H) 0-02 0-11 
2 Glu, Ala, CySO,H, Lys Glu, Ala, CySO,H__bis-Lys Lys.(CySO,H. Ala.Glu) 0-27 0-08 
3 Glu, CySO,H, His CySO,H Glu, im-His Glu (CySO,H. His) 0-30 0-27 
4 Glu, Lys, Val Glu e-Lys, Val Val.(Glu. Lys) 0-88 0-49 
5 Val, Thr Val Thr Thr. Val 0-32 0-87 
6 Glu, CySO,H CySO,H Glu Glu.CySO,H 0-13 0-08 
7 Glu, Ala, CySO;H, Lys, Val Glu, Ala, CySO,H e-Lys, Val  Val.(Glu. Lys.CySO,H. Ala) 0-24 0-25 
8 Glu, Ala Glu Ala Ala.Glu 0-30 0-45 
9 Glu, CySO,H, Lys, Val Glu, CySO,H e-Lys, Val Val.(Glu.Lys.CySO,H) 0-55 0-16 
10 Glu, Lys - Glu, e-Lys Glu. Lys 0-68 0-31 
11 Glu, Val, Thr Glu, Val Thr Thr.(Val.Glu) 0-65 0-70 
12 Glu, Val Glu Val Val.Glu 0-60 0-76 
13 Ala, CySO,H CySO,H Ala Ala.CySO,H 0-16 0-16 
14 Ala, CySO,H Ala CySO,H CySO,H. Ala 0:10 0-40 
15 Glu, Ala, CySO,H Glu, Ala CySO,H CySO,H.(Ala.Glu) 0-24 0-51 
16 CySO,H, Lys CySO,H bis-Lys Lys.CySO,H 0-16 0-04 
17 Glu, CySO,H, His CySO,H Glu, im-His Glu.(CySO,H. His) 0-27 0-06 
18 Glu, CySO,H, Lys CySO,H Glu, e-Lys Glu.(Lys.CySO,H) 0-33 0-23 
19 Ala, CySO,H, Lys Ala, CySO,;H bis-Lys Lys.(CySO,H. Ala) 0-52 0-14 
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Table 3. Amino acid sequence of pepsin-digested cytochrome c ‘core’ 
Glu. Lys Ala.Glu Thr. Val 
Dipeptides Val.Glu Cys. Ala Val.Glu 
Lys.Cys Glu.Cys Glu. Lys 
( Val. (Glu. Lys) Glu. (Cys. His) 
; | Cys.(Ala.Glu) Thr.(Val.Glu) 

Tripeptides Lys. (Cys. Ala) Val. (Glu. Lys) 

| Glu. (Lys.Cys) 

Ala. (Glu.Cys) 
: Lys. (Cys. Ala.Glu) 

Tetrapeptides { Val. (Glu. Lys. Cys) 
Pentapeptides Val.(Glu.Lys.Cys. Ala) 


Final sequence 


this sequence, was also isolated by Tuppy & Bodo 
(19546), who showed that it was probably formed 
by a transfer reaction during acid hydrolysis. No 
peptide containing both histidine and threonine 
could be isolated, but the sequence given above is 
the only one fitting the results presented, in view 
of the valyl N-terminal residue (Table 1). 

These results are in accord with those obtained 
by Tuppy & Paleus (1955) with pepsin-digested ox 
and chicken-heart cytochrome c ‘core’, except for 
the extra C-terminal lysine, which did not appear 
in the pepsin-digested material of these authors. 
Moreover, the preparations used in this study 
regularly contained somewhat more than 1-0 mole 
of alanine and a fraction of a mole of leucine— 
isoleucine, which on paper chromatography with 
the tert.-amyl alcohol—phthalate buffer solvent of 
Blackburn & Lowther (1951) was shown to consist 
mainly of leucine with a trace of isoleucine. No 
position could be assigned with certainty to the 
second alanine and to the leucine residues; in one 
preparation only, two peptides could be isolated 
that indicated positions at the N-terminal end of 
the peptide. No attempt was made to determine 
which of the glutamic acid residues were in the 
form of glutamine. 


Properties of the haemochromogens of various cyto- 
chrome c fractions and of the pepsin-digested 
cytochrome c ‘core’ 


Fig. 2 shows the effect of pH on the extinction 
coefficient at 550mp of the reduced forms of 
native cytochrome c (fraction I), of the chromato- 
graphic fractions separated from the partially 
‘unfolded’ or ‘denatured’ mixture termed fraction 
II (Margoliash, 19546) and of the pepsin-digested 
cytochrome c ‘core’. Fig. 3 compares the enzymic 
activity of these various forms of the cytochrome c 
haemochromogen in the cytochrome oxidase and 
succinic oxidase systems, as well as their rate of 
ascorbic acid oxidation; in Fig. 4 their percentage 
combination with CO at various pH values is 
shown. 


Val.Glu.Lys.Cys. 


Ala.Glu.Cys.His.Thr. Val.Glu. Lys 


a 
10°° €550 my 





2 4 6 8 10 12 
pH 
Fig. 2. Effect of pH on the extinction coefficient at 
550 mp of the reduced form of various cytochrome c 
fractions. @, Fraction I; O, fraction Ila; g, fraction 
IIb; A, pepsin-digested cytochrome c ‘core’. 


These results show that although the reduced 
spectrum of native cytochrome ¢, as estimated by 
the absorption at 550 my («-band), is relatively 
independent of pH down to pH 3, as is well known, 
the more the protein is ‘unfolded’ (as in fractions 
Ila and IIb) the higher the pH at which the 
reduced spectrum becomes relatively independent 
of the pH, the lower the enzymic activity, the 
higher the rate of ascorbic acid oxidation and the 
lower the lowest pH at which there is complete 
combination with CO. The most degraded form of 
the cytochrome c haemochromogen used in this 
study was the pepsin-digested cytochrome c ‘core’, 


36-2 
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with minimal enzymic activity, a very high rate of 
ascorbic acid oxidation, a reduced spectrum (the 
height of which varied with the pH throughout the 
range tested, the «-band reaching the full extinc- 
tion of that of native cytochrome c only at pH 11) 
and complete combination with CO at all pH 
values tested. The ‘core’ in fact acted as a common 
haemochromogen formed from haem and ordinary 
organic bases. 


Model of pepsin-digested cytochrome c ‘core’ 
and degrees of polymerization in solution 


There are three groups in the peptide of the 
pepsin-digested cytochrome c ‘core’ that can form 
haemochromogen bonds with the haem iron: the 
imidazole group of the histidine residue, the e- 
amino group of the lysine and the N-terminal «- 
amino group of the valine. In order to test whether 
the formation of an intramolecular haemochromo- 









Cytochrome 







12 oxidase 
system Ascorbic 
acid 
oxidation 







@ 





Succinic oxidase 
system 





Uptake of O (ul./min.) 


Fig. 3. Catalytic effects in the cytochrome oxidase and 
succinic oxidase systems and rates of ascorbic acid 
oxidation of various cytochrome c fractions, and of the 
pepsin-digested cytochrome c ‘core’. Fraction I (1), 
fraction Ila (2), fraction IIb (3), fraction IIc (4), pepsin- 
digested cytochrome c ‘core’ (5) and, for succinic oxidase 
system, a control flask containing no added cytochrome c 
(6). For the cytochrome oxidase system and for the rate 
of ascorbic acid-oxidation tests each flask contained: 
0-066m-phosphate buffer, pH 7-3, mm-ethylenediamine- 
tetra-acetic acid, 10 mg. of ascorbic acid and 10yg. of 
cytochrome c iron; for the cytochrome oxidase system 
0-265 mg. of heart-muscle preparation (fat-free dry wt.) 
was also added. The values for the O, uptake were ob- 
tained by deduction of the O, uptake of the controls 
containing all the ingredients except the oxidase pre- 
paration (for cytochrome oxidase system) or cytochromec 
(for ascorbic acid oxidation) from that of the complete 
system. For the succinic oxidase system each flask 
contained: 0-15m-phosphate buffer, pH 7-3, 0-024m- 
succinate, 0-530 mg. of cytochrome c-deficient heart- 
muscle preparation (fat-free dry wt.) and 5yg. of cyto- 
chrome ¢ iron in all flasks except in control (6). The cyto- 
chrome c-deficient heart-muscle preparation was made 
according to Tsou (1952). For all systems the total 
volume of fluid was 3-3 ml./flask, temperature 37°; the 
O, uptake was found to be linear for at least 30 min. 
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gen with these groups was possible, an atomic 
model of the haem and its attached peptide was 
built. The haem and the imidazole group consisted 
of carved wooden models kindly provided by 
Professor P. George, and all the other atoms were 
Catalin plastic models (Catalin. Products Ltd.). The 
scale was 1 cm. to 1A. The two thio ether bonds 
were fixed in either of the two possible alternative 
positions (the cysteine next to the lysine residue 
to the vinyl side-chain on ring II of the haem, and 
the other cysteine to the vinyl group on ring I, 
or the opposite arrangement), the amino acids were 
assumed to have the t-configuration, and the 
peptide bonds were kept coplanar. It was found 
that in each case there was a position of the chain 
in which the imidazole group and the e-amino 
group of the lysine next to the cysteine could co- 
ordinate with the central haem-iron atom from 
opposite sides of the haem plane. In this position 
the peptide chain was nearly fully extended and 
there did not appear to be any considerable degree 
of strain. An intramolecular haemochromogen was 
thus sterically possible. In confirmation of part of 
the results of Ehrenberg & Theorell (1955), who 
investigated helical formations of the peptide chain, 
it was found that with a-helices (Pauling, 1953) 
only one of the above two groups could in any one 
position be made to co-ordinate with the haem iron. 

In view of the ease of polymerization of haems in 
solution and the conclusion of Ehrenberg & 
Theorell (1955) that the pepsin-digested ox-heart 
cytochrome c ‘core’ at pH 8-7 consisted of a 


Combination with CO (%) 





0 7 9 11 13 14 
pH 


Fig. 4. Effect of pH on the combination of various cyto- 
chrome c fractions and of pepsin-digested cytochrome c 
‘core’ with CO. Fraction I (1), fraction Ila (2), fraction 
II6 (3), fraction IIc (4) and pepsin-digested cytochrome c 
‘core’ (5). Percentage combination with CO was esti- 
mated according to Tsou (1951 a) in a spectrophotometer 
cell fused to a Thunberg tube and under an atmosphere 
of pure CO. Buffers used are given under Methods. 
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Table 4. Sedimentation coefficients of the pepsin-digested cytochrome c ‘core’ 


The sedimentation coefficients at pH 2-0, 3-0 and 11-5 were obtained with a synthetic boundary cell with a Spinco 
motor-driven ultracentrifuge ; all the other values were obtained with a Svedberg oil-turbine ultracentrifuge (see Methods). 


Conen. 
pH Buffer (mg./ml.) Form 10' Soo 
2-1 0-1m-Sodium acetate titrated with 0-1n-HCl 2-5 Oxidized 1-01 
3-0 0-1m-Sodium acetate titrated with 0-1Nn-HCl 255 Oxidized 1-00 
3-12 0-1M-Citric acid—0-05n-NaOH 5-6 Oxidized 1-02 
6-20 0-075 m-KH,PO,-0-025m-K,HPO, 5:1 Reduced 1-57 
6-50 0-075 m-KH,PO,-0-025m-K,HPO, 51 Oxidized 1-46 
7-52 0-095m-K,HPO,-0-005 m-KH,PO, 5:2 Reduced 1-45 
7-92 0-095 M-K,HPO,-0-005m-KH,PO, 5-2 Oxidized 1-36 
10-00 0-1m-K,HPO,-0-05n-NaOH 5-6 Reduced 1-20 
10-46 0-1m-Na,CO,-0-023 n-HCl 5-7 Oxidized 1-22 
10-46 0-1m-Na,CO,—0-023 n-HCl 5-7 Reduced 1-16 
11-5 0-1m-Na,CO, titrated with 0-1n-NaOH 2-5 Oxidized 1-09 
12-40 0-14mM-Na,CO,—0-02n-NaOH 5-1 Reduced 0-94 





> © *F © RT 2 
pH 


Fig. 5. Effect of pH on the extinction coefficient at 
550 my of the reduced form of the pepsin-digested cyto- 
chrome c ‘core’ alone (()) and in the presence of a 
2000 molar excess of imidazole (@), «-benzoylhistidine 
(A), butylamine (A) and histidine (O). Techniques used 
for determining the extinction and the final pH of the 
solutions as well as the buffers used are given under 
Methods. Added substances were dissolved in buffer 
solutions. ‘Final concentrations: pepsin-digested cyto- 
chrome c ‘core’: 2-60 x 10-5 g.atoms of Fe/l.; buffers: 
0-1M. 


monodisperse pentamer or hexamer, as calculated 
from sedimentation data, the possibility had to be 
considered that the reduced haemochromogen 
spectrum observed with the ‘core’ used in this 
study was due to an intermolecular co-ordination 
of basic groups to the iron. The results of the study 
of the sedimentation properties of the pepsin- 





digested cytochrome c ‘core’ are presented in 
Table 4. At pH 4-5 the material was too insoluble 
for determinations to be made. At pH 6-2 the 
sedimentation coefficient (S,,) was 1-57 x 10-% and 
fell with increasing alkalinity to 0-94x10-" at 
pH 12-4. At pH 3-12 a low Sy» of 1-02 x 10-* was 
again obtained, and in those experiments carried 
out with a synthetic boundary cell no significant 
difference was found between the S,) at pH 3-0, 
2-0 and 11-5. No significant difference was found 
between the oxidized and reduced ‘cores’. 


Variation with pH of the reduced spectrum of the 
various forms of the cytochrome c haemochromogen 


Fig. 5 shows the pH—«;59 ,,,, curve for the reduced 
form of the pepsin-digested cytochrome c ‘core’ 
alone and with the addition of a 2000 molar excess 
of butylamine (pK’ for NH,;+=NH,: 10-6), imid- 
azole (pK’ for NH, =NH:6-5), histidine (pK’ for 
imidazole NH,+ =NH:6-1; for «-NH,;+=NH,:8-6) 
and «-benzoylhistidine, in which only the imidazole 
ring is free to bind the haem iron at neutral or 
alkaline pH. 

The curve for the ‘core’ without any addition 
reached the full extinction of cytochrome c only at 
pH 11, and showed three inflexions which may be 
interpreted as corresponding to the pK’ values of 
the combination with haem iron of the imidazole 
group, a peptide «-amino group and the e-amino 
group of lysine. These pK’ values were roughly 
estimated as 5-4, 7-6 and 9-5 respectively. 

In the presence of a large excess of added bases 
that can bind the haem iron, these bases compete 
with the iron co-ordinating groups in the peptide. 
It will be noted in Fig. 5 that the «-band of the 
‘core’ alone, with the addition of butylamine con- 
taining an amino group similar to the e-amino 
group of lysine, or with the addition of histidine 
containing a free «-amino group, reached the 
extinction of native cytochrome ¢ at pH 11. On 
the other hand, when the added base had only an 
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imidazole group free, as with imidazole and «- 
benzoylhistidine, the maximal extinction reached 
at pH 11 was 5-8% below that of native cyto- 
chrome c. This difference was constant and parti- 
cular care was taken to eliminate volumetric 
errors by using the same solution of ‘core’ for all 
the curves. Maximal values similar to those given 
by the ‘core’ in the presence of histidine ard 
butylamine were obtained with the addition of 
lysine and glycine. Above pH 11 the curves with 
added imidazole and «-benzoylhistidine tended to 
approach that of the ‘core’ without any addition. 
This was probably because at these extreme 
alkaline pH values the imidazole group ionized as 
an acid and could therefore not form haemo- 
chromogen links with the iron atom. 

Table 5 lists the following ratios of the extinction 
values of the various forms of the cytochrome c¢ 
haemochromogen in the reduced state : €559 1,,/€520 my 
(«-band/B-band), 559 m,/€35 m, (%- band/minimum) 
€520 ins! €35 mp (B-band/minimum) and é599,,,,, oxidized / 
00m, reduced. This last ratio was found by 
Henderson & Rawlinson (1956) to be the most 
sensitive spectrophotometric indication of the 
purity of different cytochrome c preparations. 

These results, which give a more accurate esti- 
mation of the spectral changes than the overall 
picture given in Fig. 5, show that the extinction 
ratios of fraction I (native, fully enzymically 
active cytochrome c) do not change appreciably 
between pH 7-0 and 11-0, whereas the spectrum of 
the ‘core’ approaches that of native cytochrome c 
only at the more alkaline pH. The main differences 
between the spectrum of the ‘core’ and fraction I 
were: (a) the minimum at 535 mp (reduced) was 
always considerably higher than that of fraction I 
even at the alkaline pH, at which the extinctions 
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of the «-band maximum was similar to those of 
fraction I, and (5) the ratio é599 .,, Oxidized /és99 ,,,, 
reduced was very considerably higher for fraction I 
than for the ‘core’ at all pH values tested. 

The behaviour of fraction IIc was intermediate 
between that of fraction I and the ‘core’. 

The addition of a 2000 molar excess of butyl- 
amine to the ‘core’ did not change appreciably its 
spectrum at alkaline pH values, having in parti- 
cular no effect on the extinction at the minimum 
(535 my). On the other hand, the addition of a 
2000 molar excess of imidazole caused, at alkaline 
pH values, a decrease of the extinction of the a- 
band and moved the ratio é599,,, Oxidized /é5p9 ,,, 
reduced even further away from that obtained with 
fraction I. Imidazole did not affect the extinction 
of the ‘core’ at the minimum (535 my). 

In conclusion it may be stated that, under con- 
ditions favouring the formation of a di-imidazole 
haemochromogen, the spectrum of the ‘core’ was 
farther away from that of native cytochrome c¢ 
than was the spectrum of the ‘core’ alone at the 
alkaline pH at ,which it approached that of 
fraction I. 


DISCUSSION 
Peptide structure 


The amino acid sequence worked out above for the 
pepsin-digested horse-heart cytochrome c¢ ‘core’ 
was the same as that obtained by Tuppy & Paleus 
(1955) for ox and chicken cytochrome c, but in- 
cluded in addition a C-terminal lysine found by 
Tuppy & Bodo (19546, c) in the preparations ob- 
tained by tryptic digestion of horse-, ox- and pig- 
heart cytochrome c. This difference was probably 
due to the use, in the present study, of non- 
purified preparations of the ‘core’, which included 





Table 5. Effect of pH on extinction-coefficient ratios of various forms of the cytochrome e haemochromogen 


The concentrations of the haemochromogens were adjusted so that the extinction coefficients in the actual readings were 
between 0-2 and 0-9. A single solution was used for each substance, for the readings at 520, 535 and 550 mp, and a more 
concentrated solution for the readings at 590 mu. pH was determined with a glass electrode. The imidazole and butyl- 
amine were at a molar concentration 2000 times the molar concentration of the ‘core’. 


€590 mu. (Oxidized)/ 


€550 my! €520 my €550 mul €535 mp €520 mul €535 my €590 mu 
Haemochromogen pH (reduced) (reduced) (reduced) (reduced) 

Fraction I 7-0 1-74 3-83 2-20 5-78 
11-0 1-76 3-88 2-22 _ 

Fraction IIc 7-0 1-72 3-48 2-02 4-09 

11-0 1-77 3-62 2-04 5-08 

‘Core’ 7-0 1-69 2-82 1-67 1-92 
9-0 1-72 3-21 1-86 _ 

11-5 1-76 3°35 1-90 2-54 
‘Core’ + imidazole 73 1-60 3-03 1-89 _ 
9-0 1-61 3°05 1-89 ne 

11-5 1-69 3-20 1-89 2-40 
‘Core’ + butylamine 7-6 1-73 3-11 1-80 ap 
9-6 1-77 3°32 1-88 _ 
11-0 1-78 3-36 1-89 _ 
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not only the final product of peptic hydrolysis but 
also a certain proportion of peptides containing the 
extra C-terminal lysine. Indeed the amino acid 
analysis of the preparations used gave 1-6 moles of 
lysine (Table 1), as compared to the 1-0 mole 
which would have been expected had the C-terminal 
lysine been entirely absent. This analysis also 
showed an excess of 0-2—0-3 mole of alanine above 
that expected and about 0-2 mole of leucine. The 
positions of these two extra residues could not be 
determined. 

On oxidation of the ‘core’ with performic acid it 
was found that a mixture of peptides was obtained 
(Fig. 1; Table 1). It is unlikely that this procedure 
opened the peptide bonds, in view of the results of 
Sanger (1949a@) with insulin. Neglecting the minor 
products, the amino acids present in the three main 
products indicated that pepsin, in addition to its 
effect at its major sites ef action, had split to a 
minor degree the bond between the alanine and the 
glutamic acid situated between the two cysteine 
residues. Thus the peptide bonds hydrolysed by 
pepsin were: (a) at the amino end of the N-terminal 
valine ; (b) the Ala.Glu bond between the cysteines; 
(c) the Glu. Lys bond near the C-terminal end of 
the peptide; (d) at the carboxyl end of the C- 
terminal lysine. In addition to these, the amino 
acid analyses of the preparations used indicated at 
least two other unidentified sites of action in- 
volving leucine and alanine. These results again 
emphasize the wide range of pepsin specificities and 
their variation from classical expectations (Fruton 
& Bergmann, 1939), as was found by Sanger & 
Tuppy (19516) and Sanger & Thompson (19535) 
with insulin. 


Effect of ‘denaturation’ of cytochrome c on the 
properties of the haemochromogen 


Tsou (195la), who first prepared proteolytic 
digestion products from cytochrome c, which 
included the haem, demonstrated their lack of 
enzymic activity, their high rate of ascorbic acid 
oxidation (indicating rapid auto-oxidizability) and 
their immediate combination with CO at neutral 
pH values. These results were fully confirmed in 
the present study with the pepsin-digestion 
product, and it was shown in addition that the 
reduced spectrum was pH-dependent, reaching the 
extinction values of native cytochrome c only at 
very alkaline pH. The ‘core’ acted as a common 
haemochromogen prepared from haem and organic 
bases. 

Native cytochrome c (fraction I) was at the 
other end of the scale, with high enzymic activity, 
low rate of ascorbic acid oxidation, combination 
with CO only at extreme alkaline pH values and a 
wide pH range of stability of the reduced spectrum. 
In between these two extremes there was a grada- 
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tion of partially ‘unfolded’ or ‘denatured’ forms 
of the protein (fractions Ila, I1b and IIc) in 
which the enzymic activity was in some relation to 
the range of pH stability of the reduced spectrum, 
the percentage combination with CO at various 
PH values and the rate of ascorbic acid oxidation. 
The order in which the various fractions II were 
eluted from the cation-exchange column was 
presumably the order of increasing availability of 
e-amino groups on the surface of the protein, 
indicating increasing degrees of ‘unfolding’. Thus 
it was probably the whole cytochrome c protein in 
its native spatial configuration which endowed the 
molecule with its particular properties, distin- 
guishing it from ordinary haemochromogens. 


Haemochromogen-forming groups in cytochrome c 


Ehrenberg & Theorell (1955) conclude that: 
(a) the haemochromogen of the pepsin-digested 
cytochrome c ‘core’ is a result of the polymeriza- 
tion of the molecule at neutral and slightly alkaline 
pH values (i.e. an intermolecular haemochromogen), 
and (5) if the peptide chain of the ‘core’ is made into 
an «-helix, either the histidine imidazole group, or 
the «-amino group of the lysine residue next to the 
cysteine, can be made to co-ordinate with the 
haem iron, but not both groups simultaneously. 
On the basis of their conclusions these authors 
support the view that the haemochromogen- 
forming groups of cytochrome c are two imidazole 
groups, one from the histidine residue present in 
the ‘core’ and the other from another histidine 
elsewhere in the molecule. 

However, the finding of a lysine, or an arginine, 
and a histidine adjacent to the two cysteines 
binding the cytochrome c to the haem, in all the 
cytochromes so far examined (see Tuppy & Paleus, 
1955, for ox, chicken and salmon cytochrome c, and 
Tuppy & Bodo, 1954a-c, for horse- and pig-heart 
cytochrome c), can lead to the alternative hypo- 
thesis that the imidazole and «-amino groups on 
these amino acids are in fact the haemochromogen- 
forming groups in native cytochrome c. Moreover, 
an atomic model has shown that such an arrange- 
ment is sterically possible if the intervening chain 
of four amino acids was fully extended. This 
second hypothesis, however, raised a number of 
problems, discussed below. 

Interpretation of spectrophotometrically operable 
pK values. Paleus et al. (1955), using the absorp- 
tion at wavelengths of 395 and 410 mp, demon- 
strated the presence of two dissociation steps with 
pK’ values of 3-4 and 5-8 respectively for the oxi- 
dized form of pepsin-digested ox-heart cytochrome 
c ‘core’. These were interpreted by Ehrenberg & 
Theorell (1955) as representing the combination of 
an imidazole at pK’ 3-4, and an a-amino group at 
pK’ 5-8, to the haem iron. The results obtained 
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above with the peak of the «-band (550 my) of the 
reduced form of the ‘core’ from horse-heart cyto- 
chrome c, indicated the presence of three pK’ 
values, which were roughly estimated as 5-4, 7-6 
and 9-5. These values were interpreted as being 
due to the combination with haem of an imidazole, 
an a-amino and an e-amino group respectively. 
The pK’ of about 5-4 could well represent the same 
dissociation step which was assigned a pK’ of 5-8 
by Paleus et al. (1955). The pK’ values for the 
combination of a base with the haem iron are 
commonly considered to be as much as several pH 
units below the pK’ of the base, particularly in 
haemoproteins, since the haem iron by combining 
only with the un-ionized form of the base shifts the 
equilibrium in favour of this form. In the present 
case, if the interpretation of the pK’ values given 
above is accepted, the ‘acidifying’ effect was 
relatively small: from 6-1 to about 5-4 for the 
imidazole group and from 10-5 to 9-5 for the 
e-amino group. The presumed a-amino group pK’ 
was estimated as 7-6; N-terminal amino groups in 
simple peptides give pK’ values of about 7-5-8-5 
(Cohn & Edsall, 1943) and a valyl N-terminal 
amino group would be expected to have a pK’ of 
about 8-0. However, in the present case the re- 
action of haemochromogen formation competed 
not only with the ionization of the basic groups but 
possibly also with the reaction of polymerization of 
the whole molecule. This secondary reaction might 
be the reason for the relatively small shifts ob- 
served in the pK’ values. Moreover, the peptide of 
the ‘core’ is not fixed in its position, and haemo- 
chromogen formation can be considered to be a less 
favoured reaction than in the native cytochrome c 
molecule, in which the haemochromogen-forming 
groups are probably held close to the haem iron. 
On the other hand, the authors are unaware of any 
clear demonstration that the co-ordination of 
bases with haem iron does in fact occur at pH 
values below the pK’ of the base by as much as 
several pH units. In this respect it might be 
mentioned that Ehrenberg & Theorell (1955) did 
not find any combination of glycylglycine (pK’ of 
free amino group for NH,+ =NH,:8-1-8-2, Cohn & 
Edsall, 1943) with ferri- or ferro-protoporphyrin at 
pH 7:0. This combination would have been ex- 
pected to occur, had the ‘acidifying’ effect been of 
even half the magnitude assumed by these authors 
for the imidazole and «-amino groups in the ‘core’. 

Polymerization of the pepsin-digested cytochrome ec 
‘core’. Ehrenberg & Theorel] (1955) have inter- 
preted the results of ultracentrifuging as showing 
that the pepsin-digested cytochrome c ‘core’ in the 
oxidized form at pH 8-7 consisted of a mono- 
disperse pentamer or hexamer. The typical reduced 
spectrum could thus be well due to the formation of 
an intermolecular haemochromogen. However, if 
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the formation of the haemochromogen was solely 
due to an intermolecular co-ordination, one would 
expect the degree of polymerization to increase 
with the increase in the height of the haemochro- 
mogen spectrum. Actually it was found that the 
more alkaline the pH the lower was the sedimen- 
tation coefficient, and simultaneously the height of 
the reduced «-band at 550 my increased until at 
pH 11 it was indistinguishable from that of native 
cytochrome c. At alkaline pH values the sedimen- 
tation coefficient was the same as at pH 2-3, where 
the ‘core’ can only be monomeric. Thus, if varia- 
tions of the sedimentation coefficient are con- 
sidered to be due to changes in the degree of 
polymerization, the ‘core’ was monomeric at 
alkaline pH values at which its spectrum showed 
the nearest approach to that of native cytochromec, 
and the formation of an intramolecular haemo- 
chromogen is indicated. 

The relatively high sedimentation coefficients 
obtained at pH values between 6-2 and 7-5 were 
similar to those obtained by Ehrenberg & Theorell 
(1955) at pH 8-7 and may indicate that the weak 
haemochromogen spectrum observed in this pH 
range was associated with polymerization of the 
molecule, and thus with an intermolecular haemo- 
chromogen. This observation cannot, however, be 
used as an argument in favour of a helical structure 
of the peptide between the two haemochromogen- 
forming groups in the ‘core’, a structure which 
excludes an intramolecular haemochromogen, 
since such an intramolecular haemochromogen was 
probably present at the appropriate alkaline pH 
value. The arrangement of the haemochromogen 
does not have any bearing on the peptide chain 
elsewhere in the molecule, which may well have a 
helical arrangement as indicated by the X-ray 
analysis of Arndt & Riley (1955). 

Variation of the reduced spectrum of the ‘core’ with 
pH and in the presence of added bases. Under condi- 
tions favouring the formation of a di-imidazole 
haemochromogen (i.e. with the addition of a large 
excess of imidazole-containing bases), the spectrum 
of the ‘core’ was further away from that of native 
cytochrome c than was the spectrum of the ‘core’ 
alone or with the addition of bases containing «- or 
e-amino groups. Even though the 2000 molar 
excess of added imidazole may not have resulted 
in the complete formation of a di-imidazole haemo- 
chromogen, the extinction value for the reduced 
a-band maximum was 5-8% lower than the 
maximal value obtained with the ‘core’ or with 
native cytochrome ¢ at pH 11, indicating that 
the original cytochrome c haemochromogen, at 
least at pH 11, was not formed by two imidazole 
groups. 

Moreover, if the interpretation of the first in- 
flexion of the pH-spectrum curves as being due to 
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the imidazole pK’ is correct, the haemochromogen- 
forming groups in cytochrome c¢ consist of an 
imidazole group on one side of the haem and an «- 
or e-amino group on the other, as would be ex- 
pected if the corresponding groups in the ‘core’ 
were the groups actually involved in the native 
molecule. The experiments reported above did 
not distinguish between the spectral contribu- 
tion of an «-amino as compared with an e-amino 
group. 

The fact that the reduced spectrum of the ‘core’ 
approached that of cytochrome c only at alkaline 
pH values does not necessarily mean that the 
haemochromogen-forming groups are different. 
Indeed, the remarkable stability of the reduced 
spectrum of cytochrome c over a wide range 
of pH values is probably an expression of the 
particular structural arrangement of the intact 
protein, which cannot be expected to be apparent 
in the fragment of the protein used in this 
study. 

However, a far-reaching interpretation based 
on spectral differences of 5-8 % cannot be entirely 
convincing, even though these differences were well 
above the experimental error. The authors are 
nevertheless not aware of any other interpretation 
of their results. 

Spectral changes during digestion of cytochrome c 
with pepsin. A final difficulty is the observation of 
Tsou (195la) that at the start of the pepsin 
digestion of native cytochrome c the absorption of 
the «-band of reduced cytochrome c, measured at 
pH 7-3, falls rapidly to about 50% of its starting 
value, returning more slowly to 70-80% of the 
original intensity. This possibly indicates the 
formation of a new haemochromogen during 
digestion, in direct opposition to the hypothesis 
that the haemochromogen-forming groups in 
native cytochrome ¢ are present in the pepsin- 
digested cytochrome c ‘core’. 

However, if it is considered that the haemo- 
chromogen-forming groups in native cytochrome c 
are held in position by the whole protein molecule, 
and that the haemochromogen spectrum of the 
‘core’ at near neutral pH values depends on the 
polymerization of the ‘core’, it may well be that 
no ‘core’ haemochromogen can be formed in the 
early stages of proteolytic digestion at a time when 
the protein is already sufficiently broken up to 
prevent it from fixing the haemochromogen- 
forming groups in their original position. 

The results presented above explain why the 
absorption of the «-band in Tsou’s observation did 
not return to the original value, since digestion 
with pepsin had rendered the haemochromogen 
pH-dependent, and at pH 7-3, at which Tsou 
determined the spectrum, the absorption is in fact 
only about 80% of the maximum. 
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SUMMARY 


1. The amino acid sequence of that part of the 
horse-heart cytochrome c protein remaining 
attached to the haem after digestion with pepsin 
(‘core’) has been shown to be identical with that 
demonstrated by Tuppy & Paleus (1955) for ox- 
and chicken-heart cytochrome c. 

2. It was possible to separate by cation-exchange 
column chromatography a series of ‘denatured’ 
cytochromes c having properties ranging from those 
characteristic of native cytochrome c to those of 
the pepsin-digested cytochrome c ‘core’; the 
properties studied included enzymic activity in the 
cytochrome oxidase and succinic oxidase systems, 
rate of ascorbic acid oxidation, pH range of 
stability of the reduced spectrum and percentage 
combination with carbon monoxide at various pH 
values. 

3. The formation of an intramolecular haemo- 
chromogen in the pepsin-digested cytochrome c 
‘core’ probably occurred at alkaline pH values 
(pH 11-12). That this was sterically possible was 
shown by an atomic model, and required an 
unfolded peptide chain of four amino acids 
between the two presumed haemochromogen- 
forming groups. 

4. The visible spectrum of the ‘core’, in the 
reduced state, approached that of native re- 
duced cytochrome c at alkaline pH values, 
but did not coincide with it. The addition of 
a large excess of haemochromogen-forming bases, 
containing «- or ¢«-amino groups, did not affect 
the extinction of the «-band maximum of the 
‘core’ at this alkaline pH, whereas the addition 
of imidazole-containing bases decreased it by 
5-8%. This was interpreted as evidence that 
the haemochromogen-forming residues in cyto- 
chrome c are probably not both histidines, at least 
at pH 11. 

5. The hypothesis that the imidazole group of 
the histidine next to the cysteine and the c-amino 
group of the lysine next to the other cysteine, in 
the pepsin-digested cytochrome c ‘core’, are the 
haemochromogen-forming groups in native cyto- 
chrome c is discussed. 
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APPENDIX 


Spectrum of Horse-Heart Cytochrome c 


By E. MARGOLIASH ann NEHAMAH FROHWIRT 
The Molteno Institute, University of Cambridge, and the Department of Experimental Pathology, 
Hebrew University-Hadassah Medical School, Jerusalem, Israel 


As the only published complete spectrum of cyto- 
chrome c is that given by Theorell (1936) for a pre- 
paration containing 0-34% of iron, and therefore 
impure to the extent of about 28 %, it was thought 
worthwhile to give in detail numerical data of the 
spectrum of the purest preparation of the protein 
so far obtained, containing 0-456% of iron. A 
figure of this spectrum had been published in the 
review by Keilin & Slater (1953). 


MATERIALS AND METHODS 


Preparation of cytochrome c. Chromatographic fraction I 
from horse-heart cytochrome c was prepared by the method 
of Margoliash (1954), by elution from a column of Amberlite 
IRC-50 with 0-25M-ammonium acetate, pH 7-0; the eluate 
was concentrated on a second similar column, eluted with 
aq. 0-2m-NH, soln. and freeze-dried over H,SO,. The pre- 
paration thus obtained was rechromatographed under the 
above conditions and only the material coming off the 
column at concentrations varying no more than 10% from 
that at the peak, during elution with 0-25M-ammonium 


acetate, was used for the spectral study. The final prepara- 
tion contained 0-456% of iron and was fully enzymically 
active in the cytochrome oxidase and succinic oxidase 
systems. It contained no detectable chromatographic 
fraction II. 

Estimation of iron. This was determined by the method of 
Keilin & Hartree (1945) and served as the standard for the 
calculation of the extinction coefficients. Repeated iron 
determinations agreed to within 1%. 

Measurement of extinction. The cytochrome c was dis- 
solved in Sorensen 0-1m-phosphate buffer, pH 6-8. The 
spectrum was determined in lcm. cells with a Hilger 
Uvispek spectrophotometer, calibrated for wavelength and 
extinction coefficient with standard filters provided by the 
National Physical Laboratory. 

For the visible part of the spectrum the cytochrome ¢ 
solutions were reduced with buffered (pH 6-8) cysteine 
solution, and for the ultraviolet spectrum the reduction 
was effected by platinum black/H, gas, the platinum black 
being centrifuged at the end of the reaction. The com- 
pleteness of the reduction was tested at 550 my by 
the addition of solid sodium dithionite. In the original 
solution the cytochrome c was fully oxidized, the com- 
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pletness of the oxidation being tested by the addition of 
solid K,Fe(CN),. 

All volumetric glassware was calibrated with mercury, 
and the micropipettes used were calibrated with pyridine, 
the ultraviolet-absorption maximum of pyridine, after 
suitable dilution, being used as a measure of the pyridine 
qmactateetcn. 


SPECTRUM 


Table 1 gives the millimolar extinction coefficients 
for cytochrome c in the reduced and oxidized 
forms from 600 to 220 my; 1 mole of cytochrome ¢ 
is assumed to contain 1 g. atom of Fe. 


Table 1. Spectrum of horee- heart c ytochrome c containing 0-456 % of tron in the reduced and oxidized forme 


M indicates the position of a maximum in the absorption spectrum, m a minimum and J an isosbestic point between 
the reduced and oxidized forms. 1 mole of cytochrome is assumed to contain 1 g. atom of Fe. 





10% « 
Wavelength — —, 

(my) Reduced Oxidized 
220 160-7 168-3 
225 130-3 138-8 
230 97-3 103-1 
235 65-7 (1) 65-7 (1) 
240 45-7 40-8 
245 38-1 28-7 
250 34:8 23°5 
255 32-6 22-1 
260 31-3 21-1 
262 30°5 21-0 (m) 
264 29-9 (m) 21-1 
268 31:8 21:5 
270 31:8} (M) 21-8 
272 31- 8} 22-1 
275 31-6 22-7 
280 31-0 23-2 (M) 
282 30-4 23-0 
285 29-0 22:1 
290 24-1 19-5 
295-5 19-8 (m) 15-2 
298 20-4 13-6 
300 21-3 13-0 
302 22-7 12-9 (m) 
305 25-7 13-3 
310 31-0 14:3 
315-5 33-6 (M) 15-3 
320 31-6 16-3 
325 28-1 17-4 
330 24-7 18-6 
335 22°5 19-9 

339 20-9 (1) 20-9 (I) 
340 20-6 21-4 
345 19-0 23-3 
350 17-5 25-4 
355 16:1 27-6 
360 14-7 28-5) 
362 14-4 28-55 (Af) 
365 14-0 28-4 
367 13-9 (m) 28-2 
369 14-2 28-0) 
370 14-5 28-0} (™) 
375 16-0 29-6 
380 18-7 32-7 
385 22-8 38-5 
390 29-1 46-6 
395 38-5 59-8 
400 49-3 74:3 
405 74-1 93-6 
408 93-7 104-6 
410 106-1 (Z) 106-1 (Z) (M) 
412 117-6 104-6 
415 128-1 94-4 
416 129-1 (M) 88-8 
417 128-0 83-5 
420 111-6 67:3 


425 74-2 43-1 





10% « 
Wavelength —o ————, 

(mp) Reduced Oxidized 
430 37-3 30-1 
434 22-7 (1) 22-7 (1) 
435 20-0 21-5 
440 10-9 17-8 
445 6-5 15-5 
450 4-6 13-6 
455 3-8 11-8 
460 3-5 10-2 
465 3-4 9-2 
470 3-4 8-3 
475 3°3 7-6 
480 3-2 6-9 
485 3-0) 6-6 
486 3-0) (™) 6-5 
490 3-1 6-4 
495 3-5 6-3 
497 3-9 6-2 (m) 
500 4-6 6-4 
504 6-6 (I) 6-6 (J) 
505 7-2 6-8 
508 9-3 7-1 
510 10-4 7-6 
512 11-2 8-1 
515 12-6 8-9 
518 14-5 9-6 
520-5 15-9 (M) 10-2 
522 15-4 10-4 
523 14:3 10-5 
525 11-9 10-8 
526-5 11-0 (J) 11-0 (J) 
528 10-1 11-2 (M) 
530 9-5 11-1 
533 7-9 11-0 
535-25 7-2 (m) 10-9 
540 8-8 10-2 
541-75 9-9 (1) 9-9 (1) 
543-5 11-4 9-6 
545 14-3 9-4 
547 20-6 9-3 
548 23:9 9-2 
549 26°3 9-2 
550 27-6 9-1 
550-25 27-7 (M) 9-0 
551 27-1 8-9 
552 24-2 8-7 
553 17-5 8-5 
555 11-8 8-1 
556-5 7-8 (1) 7-8 (1) 
558 5-6 7-5 
560 3-8 6-9 
565 1-8 6-1 
570 1-0 5-2 
575 0-8 4-2 
580 0-6 3-5 
590 0-4 2-5 
600 0-4 1-7 





wt 


REMARKS 


The spectrum shows, in addition to the visu- 
ally recorded «-, B- and y-bands, a distinct 5-band, 
which takes the shape of a shoulder in the oxi- 
dized cytochrome c, and has a sharp maximum 
in the reduced form. This band has an isosbestic 
point for the ferri- and ferro-forms of cytochrome c 
near to 340 my, which may be useful in the spectro- 
photometric study of oxidation and reduction of 
coenzyme I in systems also containing cyto- 
chrome c. 

There is a distinct difference in the so-called 
‘protein’ band between the reduced and oxidized 
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forms of cytochrome c around 280 my. Since the 
spectra of the amino acids that absorb in this 
region (tyrosine, tryptophan and phenylalanine) 
were probably not affected by the state of oxidation 
or reduction of the haem, it must be assumed that 
the difference between the two spectra was due to 
a relatively large absorption of the haem in this 
region, which differed in the ferri- and ferro-states. 
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Effect of Fluoropyruvate on the Swelling, Phosphorylative Activity 
and Respiration of Guinea-Pig Liver Mitochondria 


By A. CHARI-BITRON anv Y. AVI-DOR 
Israel Institute for Biological Research, Ness-Ziona, Israel 


(Received 19 August 1958) 


The great difference in activity between fluoro- 
pyruvate and fluoroacetate both in vivo (Mager & 
Blank, 1954) and in vitro (Gal, Peters & Wakelin, 
1956; Avi-Dor & Mager, 1956a) indicates that no 
fluoroacetyl fragment is formed from fluoro- 
pyruvate. The finding that fluoropyruvate alkyl- 
ates thiol compounds (Avi-Dor & Mager, 19566; 
Peters & Hall, 1957) explains adequately the 
inhibition, by this compound, of the reactions 
(utilizing coenzyme A, 6:8-thioctic acid) which 
control the entry of pyruvate and _ therefore 
possibly of fluoropyruvate into the citric acid 
eycle. 

The effect of fluoropyruvate on the respiration of 
mitochondrial preparations, on the other hand, 
seems to be connected more directly with a pri- 
mary damage to the mitochondrial structure than 
with an inhibition of a particular enzyme of the 
respiratory chain (Avi-Dor & Mager, 1956a). 
Whether such a pattern of inhibition is character- 
istic of fluoropyruvate only, or is also encountered 
with other thiol-alkylating agents, such as iodo- 
acetate, was therefore investigated. 

A comparison has been made of the effects of 
fluoropyruvate and iodoacetate on the swelling, 
phosphorylative activity and respiration of liver 
mitochondria. 


EXPERIMENTAL 


Materials. Fluoropyruvic acid was synthesized as 


described by Blank, Mager & Bergmann (1955). Adenosine 
triphosphate (ATP) was a product of Pabst Laboratories 


(Milwaukee, Wis., U.S.A.); diphosphopyridine nucleotide 
(DPN) (95% purity) was a product of Sigma Chemical Co. 
(St Louis, Mo., U.S.A.). All other chemicals were of A.R. 
grade. 

Preparation of mitochondria. Guinea-pig liver mito- 
chondria were prepared according to the method of 
Schneider (1948), as modified by Swanson (1956). Mito- 
chondria were suspended in 0-25m-sucrose. The final sus- 
pension (4 mg. of N/ml.) had an extinction of 0-25, when it 
was diluted 40 times with 0-25m-sucrose, in a Coleman 
spectrophotometer at 500 my. Unless otherwise stated in 
the legends, 0-5 ml. of the final suspension was used for 
each of the reported experiments, except for the spectro- 
photometric measurements, where 0-04 ml. was employed. 


Methods 


The extinction of the mitochondrial suspension was deter- 
mined at 600 mp in the Beckman spectrophotometer, 
model DU, with Corex cells of 1 cm. light path. Manometric 
experiments were carried out by the conventional Warburg 
technique. Adenosine triphosphatase (ATPase) activity 
was measured according to the method of Lardy & 
Wellman (1953). Oxidative phosphorylation was deter- 
mined by the procedure described by Hunter (1955). The 
ATP-*P exchange reaction was estimated as described by 
Swanson (1956). The counts were made in a thin mica- 
window Geiger counter tube. Corrections were applied for 
self-absorption of the charcoal layer. The average specific 
activity of **P during the experiment was used to calculate 
the exchange rates, since the initial specific activity changes 
owing to ATPase activity. For quantitative estimation of 
phosphorus the method of Fiske & Subbarow (1925) was 
adopted. The determination of fluoropyruvate was based 
on the procedure described by Avi-Dor & Mager (19560): 
the sample was incubated at 58° for 15 min. with a large 
excess of cysteine. The light-absorption was measured at 
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300 my in silica cells of 1 cm. light path, with the blank 
containing all components except fluoropyruvate. Before 
each experiment a calibration curve was prepared with 
known amounts of fluoropyruvate. The correlation between 
light-absorption at 300my and the concentration of 
fluoropyruvate was linear within the range 30-120um- 
fluoropyruvate. The millimolar extinction coefficient at 
300 my (€ mm) was 5-2. In order to detect whether, during 
the incubation of fluoropyruvate with the mitochondria, 
any change had occurred in the concentration of the fluoro 
compound or whether any substances had been released that 
might affect the inhibitory action of fluoropyruvate, the 
following procedure was adopted: the inhibitory effect of 
fluoropyruvate at various time intervals was determined in 
the same medium as described in Table 4 with glutamate as 
the substrate. At the end of the incubation period the 
contents of the Warburg flasks were chilled to 0° and 
centrifuged in the cold. The concentration of fluoropyru- 
vate in this supernatant was determined spectrophoto- 
metrically. To one sample no additional amount of fluoro- 
pyruvate was added. In another sample the concentration 
of fluoropyruvate was readjusted to the initial level. A 
fresh suspension of liver mitochondria was added to each 
sample and the incubation in the Warburg apparatus was 
resumed. 


RESULTS 


Effect of fluoropyruvate and iodoacetate on the 
translucency of mitochondrial suspensions. Iso- 
lated liver mitochondria, when suspended in iso- 
tonic sucrose solution, are known to swell at a 
slow rate. This swelling is indicated by a gradual 
decrease in light-absorption. Certain metal ions, 
chelating agents and anaerobic conditions retard 
the decrease in extinction, and agents exerting a 
deleterious effect on the structural integrity of the 
mitochondria accelerate it (Tapley, 1956; Hunter, 
Davis & Carlat, 1956). 

In Table 1 are compared the effects of fluoro- 
pyruvate and iodoacetate on the rate of swelling of 
liver mitochondria under a variety of experimental 
conditions. The addition of these compounds to the 
mitochondrial suspension was associated with an 
increase in the rate of swelling by a factor of two 
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to three. On the other hand, when any of Mn?*, 
Mg?*+, Zn?+, ATP, ethylenediaminetetra-acetic acid 
(EDTA) or citrate was added (Table 1), or when 
the dissolved O, was replaced by N, (anaerobiosis), 
the swelling of the mitochondria was suppressed or 
completely abolished. Among the substrates of the 
tricarboxylic acid cycle, only citrate and isocitrate 
(10mm) suppressed the swelling; all others in- 
creased the rate of swelling by 30-50% compared 
with the control. In the systems thus stabilized, 
the effect of both fluoropyruvate and iodoacetate 
was markedly diminished. Furthermore, the in- 
creases in the rate of swelling, caused by the addi- 
tion of Ca?+ ions on the one hand and by that of 
fluoropyruvate or iodoacetate on the other, were 
additive. 

When both ATP and Mg?+ ions were added 
simultaneously, their combined effect depended on 
the ratio of their concentrations. Minimum 
stabilization was obtained when the concentration 
of Mg?+ ions was half of that of ATP (Fig. 1). 
Since ATP is known to form chelates with bivalent 
metals (Martel & Schwarzenbach, 1956), this seems 
to indicate that only free Mg?+ ions or ATP are 
effective as protecting agents, the Mg**+(ATP), 
complex, which according to Ernster & Léw (1955) 
plays an important role in the control of the 
physiological state of the mitochondria, being 
inactive. 

The protection exerted by cysteine (Table 1) is 
probably due to its interaction with the two halo- 
gen compounds. 

Effect of fluoropyruvate and iodoacetate on adeno- 
sine triphosphatase activity. An accelerating effect 
of fluoropyruvate and iodoacetate on the ATPase 
activity of rat-liver mitochondria has been re- 
ported by Fairhurst, Smith & Gal (1956). Accord- 
ing to these authors, fluoropyruvate is more 
effective than iodoacetate at equimolar concentra- 
tions. In contrast with this observation, both 
halogen compounds showed a comparable effect in 


Table 1. Changes in the translucency of mitochondrial suspensions caused by fluoropyruvate and todoacetate 


Each cell contained 20 mm-2-amino-2-hydroxymethylpropane-1:3-diol chloride buffer (pH 7-4), 0-25m-sucrose, 13 mm- 
KCl and 0-04 ml. of liver mitochondria suspension, which is added as the last component. Total vol., 3 ml. The experiment 
was carried out at room temperature (about 20°). Spectrophotometric readings were taken at 30 sec. intervals for a period 


of 10 min. 


—AE/10 min. 





Additions or 
conditions 


No addition — 
MnSO, 3 
MgSO, 3-3 
ZnSO, 3:3 
ATP 0-26 
EDTA 6-6 
Cysteine 3-3 
Anaerobiosis _ 
CaCl, 6-6 


Control 


0-3 mM- 
Todoacetate 


0-3 mM- 
Fluoropyruvate 
0-055 0-104 
0 0-016 
0-007 0-042 
0-030 0-035 
0-043 0-061 
0-032 0-062 
0-040 0-035 
0-038 0-022 
0-113 0-180 


0-148 
0-010 
0-036 
0-030 
0-051 
0-070 
0-038 
0-032 
0-260 
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Mg?+ ions in relation to ATP inhibits the ATPase 
activity probably not only by the suppression of 
swelling but also by competing with the actual } 
substrate of the ATPase (ATP-—Mg according to 
Kielley, 1951) for the active sites of the enzyme 
surface. 
Effect on the exchange between **P and adenosine 
triphosphate. According to recent concepts of the 


guinea-pig liver mitochondria (Table 2). As can be 
seen from Table 2 and by comparison of Figs. 1 
and 2, conditions which prevent swelling also 
diminish the effect of fluoropyruvate and iodo- 
acetate on the ATPase activity. An excess of 





0 13 26039 52 
Conen. of Mg** ions (mm) 


Fig. 1. Effect of Mg®+ ions and ATP on the swelling of 
mitochondria induced by fluoropyruvate or iodoacetate. 
The reaction mixture was the same as described in 
Table 1. Open symbols refer to the effect of Mg®+ ions 
without addition of ATP. Filled symbols refer to the 
effect. of Mg?+ ions in the presence of 2-6 mm-ATP. O, 
@, Control; A, A, with addition of 0-3 mm-fluoropyru- 
vate; C1, @, in the presence of 0-3 mm-iodoacetate. The 
spectrophotometric readings were taken at room temper- 
ature (approx. 20°) at 30sec. intervals for a period of 
10 min. 


Inorganic P released (ug. atoms/15 min.) 


Fig. 


2 





0 3°26 WM &S 6 COB 
Concn. of Mg?* ions (mm) 
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. Effect of ATP:Mg?+ ion ratio on the ATPase ‘ 


activity of mitochondria. The reaction mixture was the 
same as described in Table 1, but for the addition of | 
2-6 mm-ATP and Mg** ions as indicated in the figure. 


@. Control; 


A, 0:3 mm-fluoropyruvate; @, 0-3 mm- | 


iodoacetate. The experiments were carried out at 28°. 
Duration of experiment: 15 min. 





Table 2. Effect of fluoropyruvate and iodoacetate on adenosine triphosphatase activity 


The reaction mixture was the same as described in Table 1, except for the addition of 2-6 mm-ATP and 1-3 mm-MgSQ,. 


Liver mitochondria suspension: 0-5 ml. Total vol., 3 ml. Temp. of incubation 28°. 


Conen. 
Additions (mm) 
None — 
2:4-Dinitrophenol 0-1 
EDTA 3 
Citrate 10 
Cysteine 3 


CaCl, 0-066 


Inorganic phosphate 


released (yg. atoms/15 min.) 





0-3 mm- 


Control Fluoropyruvate 


— 


CO et et et ee DD 


bo to Go “It 


7-0 


4-6 
3-1 
2-5 
8-5 


. 
0-3 mm- 
Iodoacetate 
75 
5-0 
3-5 
3-0 


—" 
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nature of oxidative phosphorylation, the hydro- 
lysis of ATP by mitochondria (ATPase) may be 
due to a reversal and diversion of the step which 
leads to the synthesis of the adenine nucleotide 
(Chance & Williams, 1956; Hiilsmann & Slater, 
1957). It has been of interest therefore to test 
whether fluoropyruvate and iodoacetate also 
affect the rate of formation of ATP. With glut- 
amate as a substrate, fluoropyruvate and iodo- 
acetate each caused a small but significant de- 
crease in the P:O ratio (Table 3) both with and 
without 10 mm-sodium fluoride. The effect of the 
halogen compounds on the exchange between the 
terminal phosphate group of ATP and [?*P]phos- 
phate, a reaction closely related to oxidative 
phosphorylation (Boyer, Luchsinger & Falcone, 
1956), has also been assayed in the absence of sub- 
strate. At a concentration of 0-6 mm, the rate of 
exchange during the first 4 min. of the experiment 
was little affected by fluoropyruvate or iodoacetate. 
After prolonged incubation (more than 8 min.) 
some inhibition of the exchange became apparent, 
particularly with iodoacetate. This may have been 
due to a lowering of the concentration of ATP. 
Effect of respiration. The pattern observed in the 
inhibition of the oxidation of citric acid-cycle 
intermediates in liver mitochondria (Table 4) was 
similar to that described for kidney preparations 
(Avi-Dor & Mager, 1956a). The oxidations of 
citrate, isocitrate and succinate are inhibited by 
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degree than those of the other intermediaries of the 
cycle. Mg?+ ions very markedly antagonize the 
respiratory block induced by the two halogen 
compounds (Fig. 3). 

Addition of 0-5mm-EDTA during the homo- 
genization of the tissue decreased the respiratory 
inhibition by 20%. However, no complete reversal 
was obtained as with Mg?* ions. 

Reversibility of the inhibitory effect of fluoro- 
pyruvate on respiration. The inhibitory effect of 
fluoropyruvate on respiration is not reversed by 
washing the mitochondria with isotonic sucrose. 
Addition of glutathione (GSH) concurrently with 
the inhibitor abolished the inhibition. When glu- 
tathione was added after the mitochondria had 
been incubated with fluoropyruvate, the ability of 
GSH to restore the respiration was reduced. The 
reversal of the inhibition was more complete if 
DPN was added together with, or up to 10 min. 
after, the addition of GSH (Table 5). 

The concentration of fluoropyruvate decreased 
slowly during the time of incubation. The rate of 
disappearance was not affected by the concentra- 
tion of Mg?+ ions (Fig. 4). 

In some experiments the incubation of the mito- 
chondria with fluoropyruvate was stopped after 
30 or 50 min. The contents of the Warburg flasks 
were centrifuged and fresh mitochondria were 
added to the supernatant. When the experiment 
was now resumed, the inhibition observed was 


the two halogen compounds to a much lower proportional to the residual concentration of 


Table 3. Effect of fluoropyruvate and iodoacetate on oxidative phosphorylation 


Each flask contained: 6 mm-2-amino-2-hydroxymethylpropane-1:3-diol chloride buffer (pH 7-4), 10 mm-phosphate 
buffer (pH 7-4), 0-25m-sucrose, 10 mm-KCl, 1:3 mm-ATP, 1-3 mm-MgSO,, 33 mm-glucose, hexokinase 1 mg. [approx. 
50 hexokinase units (Kunitz & McDonald, 1946)], 10 mm-NaF, 10 mm-glutamate. Mitochondrial suspension: 0-5 ml. 
Total vol., 3 ml. Incubation at 30°. Equilibration time: 5 min. Time of incubation: 20 min. For details of the experiment 
see under Experimental. 


0-3 mm- 0-6 mm- 0-3 mM- 
Control Fluoropyruvate Fluoropyruvate Iodoacetate 
O (ug. atoms) 11-0 9-0 4:8 9-0 
P (ug. atoms) 29-0 19-8 9-0 18-8 
P:0 2-6 2-2 1-9 2-1 


Table 4. Effect of fluoropyruvate and iodoacetate on oxidation of different substrates 


Each flask contained the same reaction mixture as described in Table 1, except for the addition of 2-6 mm-ATP, 1-3 mm- 
MgS0O,, and a substrate at a concentration of mm. Liver mitochondria suspension (0-5 ml.) is added. Total vol., 3 ml. Gas 
phase: air. Incubation time: 10 min. Readings have been taken at 10 min. intervals for a period of 60 min. 


O, uptake (umoles/hr.) 





c 


0-3 mM- 0-3 mm- 
Substrate Control Fluoropyruvate Iodoacetate 
Pyruvate 12-6 3-1 4-0 
a-Oxoglutarate 20-6 7-4 8-4 
Malate 14-4 5-6 6-5 
Glutamate 20-4 12-4 14-9 
isoCitrate 22-2 18-7 15-4 
Citrate 22-0 18-9 16-4 
Succinate 20-8 18-3 19-0 


~ 
r 
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Concn. of Mg2+ ions (mM) 


Fig. 3. Effect of ATP: Mg ratio on respiration. Contents of 


Warburg flask: 17 mm-2-amino-2-hydroxymethylpro- 
pane-1:3-diol (tris) chloride buffer (pH 7-4); 0-25m- 
sucrose; 13 mM-KCl; 2-6mm-ATP; 10mm tris glut- 
amate. Total vol., 3 ml. Contents of centre well 0-2 ml. of 
20% KOH soln. Incubation at 37°. Gas phase: air. 
Equilibration time: 10 min. Readings were taken at 
10 min. intervals for a period of 60 min. @, Control; 
A, 0-3 mm-fluoropyruvate; m, 0-3 mm-iodoacetate. 


vate. The reaction mixture was the same as described in 
Table 4, with glutamate as the substrate. For details of 
the experimental procedure see under Experimental. 
@, Concentration of fluoropyruvate in the supernatant 
after various times of incubation with mitochondria; 
A, 4, inhibition caused by the supernatant, separated 
after varying times of incubation, on the oxidation by 
fresh mitochondrial suspensions. In the experiments 
designated with a filled symbol the concentration of 
fluoropyruvate was readjusted to its original level 
(0-6 mm). 


Table 5. Reversibility of the inhibitory action of fluoropyruvate on respiration by glutathione 
and diphosphopyridine nucleotide 


The flasks contained the same reaction mixture as described in Table 4. Fluoropyruvate (0-3 mm) was added at zero 
time, and 3 mm-GSH was added at the times shown in the table; 10 min. after the addition of GSH, DPN (0-1 mm) was 
added. The flasks, which had been at room temp. (about 20°) up to that time, were transferred into the Warburg apparatus, 
at 37°. Controls, without fluoropyruvate, were run under the same conditions. 


O, uptake (ymoles/hr.) 








_ AX > 
Time of Control Fluoropyruvate 

addition Cc A ~ A ~ 
Addition (min.) No DPN DPN No DPN DPN 
None — 19-0 19-5 1:8 68 
GSH 0 19-3 20-0 19-0 19-5 
GSH 10 18-5 18-0 10:3 14:8 
GSH 20 18-7 17-6 75 11-6 
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fluoropyruvate at 30 or at 50 min. By readjusting 
the concentration of fluoropyruvate to its original 
level its inhibitory action was restored to the 
initial value (Fig. 4). 

It follows that neither the products which result 
from the decomposition of fluoropyruvate nor the 
substances released from the mitochondria an- 
tagonize the respiratory inhibition caused by 
fluoropyruvate. 


DISCUSSION 


The observed effects of fluoropyruvate and iodo- 
acetate on mitochondrial systems are compatible 
with the assumption that these two compounds 
affect the structural integrity of liver mitochondria. 
It is recalled that activation of the latent ATPase 
(Kielley & Kielley, 1951) and inhibition of the 
oxidation of substrates linked to DPN as coenzyme 
(Ernster & Low, 1955; Mager & Avi-Dor, 1956) are 
typical manifestations of damage to the mito- 
chondrial structure. The hypothesis of structural 
damage is further supported by the finding that 
conditions which suppress the swelling of the mito- 
chondria that are caused by addition of the two 
halogen compounds also diminish or abolish their 
effect on ATPase activity and on respiration. 

No correlation can be found between the pro- 
tective effect of the metal ions (Mg?+ and Ca?+), 
and the stability constants of their complexes with 
thiol compounds (Gurd & Wilcox, 1956). Likewise, 
anaerobiosis cannot have a direct influence on the 
reaction between thiol groups and alkylating 
agents. The protecting effect of agents of widely 
different nature (metal ions, chelating agents) 
cannot be explained by the assumption that the 
reactivity of the available SH groups towards the 
halogen compounds is altered. It is conceivable, 
however, that the protecting agents change the 
number of SH groups open to attack by influencing 
the state of folding of the proteins, which are the 
bearers of the sensitive SH groups. 

The difference in the extent of inhibition of the 
oxidation of different citric acid-cycle intermedi- 
ates is much more marked in liver mitochondria 
than in kidney preparations. Oxidation of succi- 
nate is not inhibited, in accordance with the fact 
that this is not dependent on DPN. Among the 
DPN-linked substrates, «-oxo acids and malate are 
more sensitive than glutamate to the inhibitory 
action of both fluoropyruvate and iodoacetate. In 
this connexion it is relevant to recall that two thiol 
compounds, namely coenzyme A and 6:8-thioctic 
acid, are involved in the oxidation of «-oxoglut- 
arate, pyruvate and malate (by removal of the 
inhibitory oxaloacetate in the last-named), whereas 
the oxidation of glutamate depends only on DPN. 
Citrate, which has a special place among the meta- 
bolites of the Krebs cycle since it is oxidized both 
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by di- and tri-phosphopyridine nucleotide-linked 
dehydrogenases, and also because of its strong 
protective effect on the mitochondrial structure, is 
nearly as resistant to inhibition as succinate. 

The results of this investigation do not indicate 
a direct effect of thiol-alkylating reagent on 
oxidative phosphorylation. The small decrease 
observed in the P:O ratio or in the rate of incorpor- 
ation of *2P into ATP may well reflect the influence 
of secondary factors, such as the inhibiting action 
of adenosine diphosphate, which is released from 
ATP on prolonged incubation. 


SUMMARY 


1. The effect of fluoropyruvate and iodoacetate 
on swelling, phosphorylating activity and respira- 
tion of guinea-pig liver mitochondria has been 
compared. 

2. Both compounds accelerate the rate of 
swelling, activate the latent adenosine triphos- 
phatase, and inhibit the oxidation of diphospho- 
pyridine nucleotide-linked substrates of the citric 
acid cycle. 

3. Certain metal ions (Mg?+ and Mn?+) and 
certain chelating agents (citrate and ethylene- 
diaminetetra-acetate) protect the mitochondria 
from swelling. They also reverse the effect of 
fluoropyruvate and iodoacetate on swelling, on 
adenosine triphosphatase activity and on respira- 
tion. 


This investigation was supported by a grant from the 
U.S. Health Service. The authors are indebted to Professor 
E. D. Bergmann for his advice. 
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The collagens may be defined as a group of fibrous 
proteins which give a characteristic wide-angle 
X-ray-diffraction pattern (Astbury, 1938; Bear, 
1952). Although the collagens are widely distri- 
buted throughout the animal kingdom (Bear, 
1952; Rudall, 1955), physical and chemical studies 
have been largely confined to those of vertebrates 
and particularly of mammals, because of their 
industrial and clinical importance. The vertebrate 
collagens form a compact group in their amino acid 
composition (Eastoe & Leach, 1958), and it is of 
interest to extend these studies to collagens from 
a wider range of animals, since one might expect 
that the greater the range of collagens for which 
data are available the greater may be the chance of 
detecting correlations between the chemical and 
physical properties of these proteins. It was with 
this aim in view that the cuticle of the earthworm 
was studied by Watson (1958a). The present 
publication is concerned with studies on two other 
collagens, those from the cuticle of Ascaris lumbri- 
coides and from the Cuvierian tubules of Holothuria 
forskali. 

Ascaris cuticles were first shown by Fauré- 
Fremiet & Garrault (1944) to give the character- 
istic wide-angle X-ray-diffraction pattern of 
collagen. For many years previously, however, 
the cuticle had been studied by chemical and 
histological methods. It is a very complex struc- 
ture, and Chitwood & Chitwood (1937) have 
distinguished nine morphologically distinct layers. 
Chitwood (1936) also describes the methods which 
may be used to separate the various substances in 
the cuticle and discusses their morphological 
location. Bird (1956, 1957) has examined the 
amino acid composition of the whole cuticle by 


paper chromatography, and also of extracts pre- 
pared from it by methods based on those of 
Chitwood (1936), and has reported a quantitative 
amino acid analysis in which values are given for 
most of the amino acids present. 

The ejected filaments of the sea cucumbers were 
shown to contain collagen by Astbury (1939) from 
the X-ray-diffraction evidence. These filaments 
arise by extension from the Cuvierian tubules of 
the animals, of which the present example is 
Holothuria forskali. 

An analytical investigation of the whole tissues 
preceded attempts to isolate and analyse the 
collagen proteins, for two reasons. First, such a 
control is useful in deciding whether the composi- 
tion of the purified collagen is representative of the 
bulk of the collagen present, and in estimating the 
yield of collagen in the purification process. 
Secondly, it helps to determine which amino acid 
values in the final analysis are apt to be greatly 
influenced by the presence of residual impurities. 
Some of the preliminary results with the filaments 
of Holothuria forskali have been reported (Watson, 
19585). 


EXPERIMENTAL 


Preparation of materials for analysis 


Cuvierian tubules of Holothuria forskali. Tubules were 
collected from the living animals by lifting them out of the 
sea water in which they had been transported to the 
laboratory. In a few moments the tubules were extruded 
through the cloaca as long, intensely sticky filaments. 
These were washed in several changes of water, two 
changes of ethanol and two changes of ether, and allowed to 
dry in air. About 2 g. of air-dried filaments was obtained 
from three animals. Two such preparations were made. 
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Table 1. Ash, total nitrogen, sugars and physical properties 


Values are given as g./100 g. of dry ash-free specimen. 








Cuvierian tubules of Cuticle of 
Holothuria forskali Ascaris lumbricoides 
— i - a ’ 
Whole tubules Whole cuticle 
¢ Collagen —--" ——— 7 
Prep. 1 Prep. 2 fibres Prep. 1 Prep. 2 Gelatin 
Ash 3-01 2-69 0-30 0-28 0-26 0-10 
Total N 15-6 16-1 17-0 16-7 16-6 17-3 
Hexose 8-2 78 4:5 0-19 0-19 0-50 
Pentose 0-46 0-40 0-29 0-10 0-19 0-15 
Hexosamine 1-34 1-34 0-95 0-79 0-51 1-29 
Shrinkage temp. 55° 59° 59° 59° 59° — 
- ~- ) 4X ~- J 
6404 periodicities Present* Absentt 


* See Plate 5. 


Collagen fibres were isolated from the extended tubules 
by the following procedure. Air-dried filaments from the 
second preparation (560 mg.; 10-5% of moisture) were incu- 
bated with 0-1% of trypsin in tap water at 37° for 24 hr. 
under toluene. The tubules were removed from the digest 
and broken up by homogenization in 100 ml. of tap water 
for 5 min. at low speed in a Waring Blendor. The fibres 
were collected by centrifuging at 1000 g for 0-5 hr., after 
which they were washed twice in water and allowed to 
stand in N-HCl at 4° for 40 hr. In contrast with the 
behaviour of vertebrate collagens generally, no swelling 
occurred in the acid. The acid was then removed by washing 
with water, the fibres were rinsed in two changes of 
ethanol and two changes of ether, and allowed to dry in air. 
The yield of collagen fibres was 325 mg. air-dried wt. 
(moisture 9-6%). Thus the isolated collagen fibres amounted 
to some 60% of the dry wt. of the whole tubules, and the 
recovery of collagen (based on the recovery of hydroxy- 
proline) was about 75%. 

Cuticles of Ascaris lumbricoides. Two dozen Ascaris were 
dissected and the internal organs removed. The muscle 
layers of the body wall were scraped off under water with 
the blade of a scalpel. The cuticles were thoroughly rinsed 
in water and kept under water for 16 hr. at 4°. The cuticles 
were given a final rinse in water, washed in two changes of 
ethanol and two changes of ether and allowed to dry in air. 
About 800 mg. of air-dried cuticles was obtained. 

The extraction of a collagen-rich fraction from a further 
preparation of the cuticles was attempted by the following 
method. Cuticles (air-dried wt. 1003 mg.; moisture 
14-1%) were extracted with 150 ml. of water at 37° for 
3 days under toluene. Only 2-48 mg. of N, equivalent to 
1-7% of the total cuticular N, passed into solution. Thus 
either the water-soluble fraction of the cuticle described by 
Chitwood (1936) and Bird (1957) must have been extracted 
during the preparation of the cuticles, or its properties 
were changed by the drying procedure. The cuticles were 
then digested with trypsin (0-1% in 100 ml. of tap water at 
37° for 24 hr. under toluene) and washed with water to re- 
move the enzyme and soluble degradation products; finally 
the collagen was brought into solution by autoclaving the 
cuticles in 150 ml. of water at 135° for 2-5 hr. The air-dried 
residue weighed 94 mg. The gelatin was recovered from 
solution by evaporation on a steam bath in an air blast, and 
weighed 500 mg. (air-dried wt.; moisture 14-3%). Thus the 


+ Picken, Pryor & Swann (1947) and Bird & Deutsch (1957). 


gelatin amounted to 50% of the weight of the whole 
cuticles. The recovery of collagen (based on the recovery of 
hydroxyproline) was about 57%. The gelatin solution did 
not gel at 16° after evaporation to a concentration of 
about 10%. 

Analytical 


Moisture and total nitrogen. The determinations were 
performed according to Chibnall, Rees & Williams (1943). 

Amino acid analyses. These were carried out by the 
method of Moore & Stein (1951). The corrections were the 
same as for earthworm cuticle (Watson, 1958a). It was not 
necessary to use the special method for proline described 
in the last-named paper, since the samples contained 
enough of the imino acid to allow the estimation to be 
performed in the usual way. 

Amide nitrogen. The method of Bailey (1937) was used. 

Estimation of sugars. This followed the same standard 
colorimetric methods as were used for earthworm cuticle 
(Watson, 1958a), except that the anthrone reaction for 
hexoses was carried out by the modification described by 
Windrum, Kent & Eastoe (1955). Hexose is expressed as 
galactose, pentose as arabinose and hexosamine as glucos- 
amine. 


RESULTS 


The two preparations of Ascaris cuticles gave 
analytical results which were in fairly good agree- 
ment (Tables 1 and 2). The material contained little 
ash. The low recovery of weight in the amino acid 
analysis suggests that 10% of other substances 
with low nitrogen contents may be present in the 
cuticle. On the basis of a positive Molisch reaction 
previous workers have concluded that polysac- 
charides are present, but the analyses listed in 
Table 1 show only a small amount of hexosamine. 
The value for hexoses is of the order expected for 
the colour contribution of the amino acid residues 
to the anthrone reaction (Moss, 1955). The absence 
of large amounts of polysaccharide in the prepara- 
tions is also suggested by the following observa- 
tions. Little humin appeared upon hydrolysis for 
the determination of the amino acids, and no red 
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Values are expressed as g. of amino acid/100 g. dry ash-free sample. 


Cuvierian tubules of Holothuria forskali 


Whole tubules 


Prep. 1 Prep. 2 
Alanine 7-4 8-2 
Glycine 17-2 18-2 
Valine 3-17 3°17 
Leucine 3-60 3°74 
Isoleucine 2-33 2-22 
Proline 6-7 71 
Phenylalanine 1-96 2-22 
Tyrosine 1-82 2-24 
Serine 5-4 5-4 
Threonine 6-3 6-3 
Cystine 0-14 — 
Methionine 0-97 1-06 
Arginine 73 7:3 
Lysine 2-62 2-47 
Histidine 1-72 2-14f 
Hydroxylysine 0-42 _— 
Aspartic acid 8-4 9-4 
Glutamic acid 11-8 13-1 
Hydroxyproline 4-4 5-0 
Amide N 0-968 0-962 
Mean residue wt. 95-2 96-1 
Recovery of N (%)t 96-3 98-2 
Recovery (by wt. %)§ 87-6 92-4 


* Present, not determined (see text). 


Table 3. Comparison of the mean of the present 


t Including hexosamine. 


values for the amino acid composition of Ascaris 
cuticles with the literature values 


Values are expressed as g. of amino acid nitrogen/100 g. 


of total nitrogen. 


Method of analysis ... 


Hydrolysis 


Reference 


Alanine 
Glycine 
Valine 
Leucine 
Isoleucine 
Proline 
Phenylalanine 
Tyrosine 
Serine* 
Threonine* 
Methionine 
Arginine 
Histidine 
Lysine 
Aspartic acid 
Glutamic acid 
Hydroxyproline 
Hydroxylysine 
Amide N 
Unknown 
Total 


Moore & Stein 
(1950) 
80% formic 
acid—11-7N-HCl 
(1:1) 
Bird (1957) 
5-6 
18-1 
4-25 
1-94 
1-44 
22:1 
0-88 
0-50 
1-78 
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Sk 


OU UT et et 
~ 


SwAdsyy 


© 

nwo = 

cn | | | 
ba 


Moore & Stein 
(1951) 


6n-HCI at 110° 
for 24 hr. 


Present study 
6-0 
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3-39 


95-3 


* Not corrected for decomposition during hydrolysis. 


Cuticle of Ascaris lumbricoides 





a 
Whole cuticles 

Purified ——_——— 

collagen Prep. 1 Prep. 2 Gelatin 
9-1 63 63 57 

20-8 18-9 18-5 19-8 
2-24 1-76 1-78 1:37 
3-25 2-53 2-32 2-22 
1-56 2-02 1-89 1-67 
8-4 30:9 31-2 29-7 
1-60 1-34 1-29 1-11 
1-85 0-40 0-62 0-20 
5:2 2-57 2-57 2-20 
55 2-23 2-10 1-98 
sl * * * 
0-93 1-34 1-40 1-66 
73 6-5 6-4 68 
1-62 5-4 53 5-0 
0-68 1-32 1-25 1-19 
0-69 0-0 0-0 0-0 
9-1 8-5 8-7 8-6 

13-3 10-7 10-5 10-4 
6-4 2-53 2-44 2-84 
1-06 0-569 0-559 0-571 

92-7 93-7 93-8 93-3 

93-0 96-0 96-2 92-0 

88-2 89-2 88-6 87-7 


+ Including hydroxylysine. 
§ Including sugar residues. 


peak at about tube 50 of the amino acid separation 


was seen (Dustin, Czajkowska, Moore & Bigwood, 
1953). The two preparations gave different analyses 
for total hexosamines, although two independent 
determinations on each preparation were in 
excellent agreement. A small amount of glucos- 
amine was observed on the short column of the 
amino acid separation (Eastoe, 1954) when large 
loads (20 mg. or more) of hydrolysate were used. 
The amount recovered in this way was estimated as 
0-28 % for each preparation. 

The presence of lipids in the cuticle has been 
suggested by many authors, but little quantitative 
information has appeared. It has been found that 
refluxing the cuticles with ethanol—ether (1:1) for 
8 hr. removes only 0-3 % of their weight, and that 
most of this is a red pigment which has not been 
examined further. 

The amino acid analyses which we have obtained 
for the whole cuticle (mean of the two preparations) 
are compared in Table 3 with the analysis calcu- 
lated from the data reported by Bird (1957). One 
large discrepancy is found for valine. 

The analytical results for the Cuvierian tubules of 
Holothuria forskali are also listed in Tables 1 and 2. 
The total hexosamine contents of the two pre- 
parations were identical at 1-:34%. Both glucos- 
amine and galactosamine were identified on the 
short column of the amino acid separations 
(Eastoe, 1954), the amounts recovered in this way 
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being 0-10 and 0-41 % respectively for preparation 1 
and 0-14 and 0-33 % for preparation 2. 

The tubules were first reported to give the 
collagen type of wide-angle X-ray-diffraction 
pattern by Astbury (1939), and we have confirmed 
this observation (Plate 5a). Contrary to previous 
belief (Bear, 1952), the fibrils teased out from the 
tubules give evidence of large-scale periodicities 





F, (arbitrary units) 





Fig. 1. Relative structure amplitudes, |F xl, corresponding 
to the low-angle X-ray-diffraction pattern in Plate 5b 
(thick lines), are compared with those obtained by 
Tomlin & Worthington (1956) for ox Achilles tendon 
stained with phosphotungstic acid. The |F;,| for the 
tubules were obtained from integrated layer-line in- 
tensities measured with a recording microdensitometer 
(Walker, 1955). & represents layer-line index. 
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Fig. 2. Infrared spectra of collagen in the 3p region. 
(a) Spectrum of earthworm cuticle recorded at a relative 
humidity of 60%, showing absorption at 3330 cm.—! due 
to the N-H stretching vibration. (b) Spectrum of the 
same sample partially deuterated after exposure for 1 hr. 
to D,O vapour. The other two invertebrate collagens, 
and also vertebrate collagens, have yielded spectra 
virtually identical with those illustrated. 
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when examined in the electron microscope (Plate 
5c). Also low-angle X-ray-diffraction photographs 
have been obtained for the stretched whole 
filaments, stained with phosphotungstic acid, 
which show a number of meridional reflexions 
corresponding to an axial repeat of about 650A 
(Plate 56). The relative structure amplitudes of the 
various layer lines in Plate 5b are compared in 
Fig. 1 with values taken from a low-angle X-ray- 
diffraction study by Tomlin & Worthington (1956) 
of ox Achilles tendon stained with phosphotungstic 
acid. Since it was not possible to obtain an 
accurate value of the integrated intensity at the 
first-layer line in the photograph from the Cuvierian 
tubules, the sets of values in Fig. 1 are normalized 
to show the same relative value of |F,| at k = 2. 
The main features shown by the figure are the 
strong fourth- and sixth-layer lines and an ab- 
normally depressed ninth; the tenth and eleventh 
lines show moderate expression. Marks, Bear & 
Blake (1949) give rather similar descriptions of 
photographs from three other echinoderm sources. 
Mr G. R. Wilkinson of this Laboratory has 
kindly examined the infrared absorption spectra of 
the collagens studied here and also of earthworm 
cuticle (Watson, 1958a). All three materials show 
a characteristic absorption band at 3330 cm.-}, 
which has been found previously among the pro- 
teins only in the vertebrate collagens, and have a 
slow rate of deuteration. Non-collagenous proteins 
have absorption maxima in the range 2990- 
3010 cm.-1. Typical spectra are shown in Fig. 2. 


DISCUSSION 


The amino acid analyses for the collagens studied 
here, together with the analyses for earthworm 
cuticle (Watson, 1958a), are presented in Table 4 in 
a form especially suitable for structural studies, 
namely the number of residues of each amino acid 
which occur on the average in every 100 residues. 
A survey of the amino acid compositions of the 
vertebrate collagens in these units has been pre- 
sented by Eastoe & Leach (1958). In Table 4 
analyses for the whole tissues are included with 
those of the purified gelatins or collagen therefrom. 
It is not claimed that the methods of purification 
which have been used are necessarily the best 
possible, and the inclusion of values for the whole 
tissues may enable future workers to compare the 
efficacy of various methods. This is especially the 
case with the cuticles of Lumbricus and Ascaris, 
where the whole tissues show a reasonable con- 
stancy of composition, when the methods described 
for their preparations are closely followed. Two 
preparations of the Cuvierian tubules had rather 
different compositions, particularly in the contents 
of hydroxyproline and the acidic amino acids. 
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Average values are listed in Table 4. The shrinkage 
temperatures of the two preparations also differed 
by about 4° (Table 1). 

In all experiments the purification of the collagen 
protein has resulted in increases in the proportions 
of glycine and hydroxyproline, as might have been 
expected. It is difficult to decide whether the 


glycine contents of the proteins are slightly less 
than those commonly found in the vertebrate 
collagens, or whether this means that our prepara- 
tions contain more non-collagenous proteins. Con- 
sidering the extensive range of composition which is 
shown, the glycine contents are remarkably 
constant. 


Table 4. Proportions of the amino acid residues in three invertebrate tissues, 
and in collagen and gelatin preparations obtained therefrom 





Earthworm Earthworm Whole 
(Lumbricus) (Lumbricus) Cuvierian 
cuticles cuticle gelatin tubules of 
(Watson, 1958a) (Watson, 1958a) H. forskali 
Glycine 30-2 32-4 27-7 
Alanine 10-0 10-3 10-3 
Valine 2-13 1-71 3-18 
Leucine 3-30 2-85 3-28 
Isoleucine 1-71 1-53 2-04 
Phenylalanine 1:34 0-52 1-48 
Proline 1-42 1-31 7-0 
Total non-polar 50-1 50-6 55-0 
Hydroxyproline 15-5 16-5 4-2 
Serine 10-3 10-5 5-0 
Threonine 6-0 5-2 6-2 
Total hydroxylic 31-8 32-2 16-4 
Free carboxylic acids 4-07 4-00 9-5 
Amide 9-9 9-7 8-2 
Arginine 2-13 2-11 4-92 
Lysine 1-54 1-47 2-04 
Hydroxylysine 0-0 0-0 0-36 
Histidine 0-06 0-0 1-46 
Total basic 3°73 3-58 8-8 
Tyrosine 0-40 0-0 1-31 
Methionine 0-0 0-0 0-80 


Glycine 
Alanine 
Valine 
Leucine 
Isoleucine 
Phenylalanine 
Proline 


Total non-polar 


Hydroxyproline 
Serine 
Threonine 

Total hydroxylic 


Free carboxylic acids 
Amide 
Arginine 
Lysine 
Hydroxylysine 
Histidine 

Total basic 


Tyrosine 
Methionine 


Collagen fibres 
from the Cuvierian 


tubules of 


Holothuria forskali cuticle 
30-8 26°5 
11-4 7-6 

2-13 1-61 
2-76 1-97 
1-32 1-59 
1-08 0-84 
8-1 28-8 
57-6 68-9 
5-4 2-00 
55 2-61 
5-1 1-93 
16-0 65 
9-3 10-3 
8-4 4-29 
4-63 3°95 
1-23 3-91 
0-47 0-0 
0-48 0-89 
6-8 8-8 
1-14 0-29 
0-69 0-98 


Whole Ascaris 


Gelatin from 
Ascaris cuticles 


28-6 
6-9 
1-26 
1-84 
1-38 
0-73 

28-0 

68-7 


2-35 
2-27 
1-80 
6-4 


10-3 
4-43 
4-24 
3-71 
0-0 
0-84 
8-8 


0-12 
1-21 
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It would seem from the data that the amino acid 
compositions of the purified collagens and gelatins 
are representative of the collagen which forms the 
bulk of the samples. The only large changes which 
have taken place upon purification are the fall in 
the values for histidine and lysine in the collagen 
from the Cuvierian tubules, which is probably due 
to the removal of non-collagenous proteins. In 
this particular purification the value for tyrosine 
did not fall as much as was expected, and it is 
probable that this collagen contains a higher pro- 
portion of these residues than do most other 
collagens. 

A consideration of the data in the light of the 
extensive analyses of the vertebrate collagens 
reviewed by Eastoe & Leach (1958) has yielded the 
results that are listed in Table 5. First, this table 
indicates the features shared by the collagens for 
which reasonably complete amino acid analyses are 
now available, and which serve to distinguish them 
from all other proteins. Among the common 
physical features is the wide-angle X-ray-diffraction 
pattern (often adopted as the definition of collagen) 
and the infrared-absorption band at 3330 cm.-}. 
The common chemical features include a high 
content of glycyl residues, amounting to nearly 
one-third of the total number of residues present 
in the purified preparations. This may be taken as 
indirect support for the recently proposed mole- 
cular models for the secondary structure of col- 
lagens (Ramachandran & Kartha, 1955; Cowan, 
McGavin & North, 1955; Rich & Crick, 1955), since 
these models predict that the crystalline regions of 
these proteins should contain at least this pro- 
portion of glycyl residues. Another common 
chemical feature is the presence of hydroxyprolyl 
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residues, which are found only in collagens, apart 
from asmall amount in the protein elastin (Partridge 
& Davis, 1955). In each material listed in Table 4 
there is a higher proportion of pyrrolidine residues 
than is commonly found in _ non-collagenous 
proteins. The collagens also have low contents of 
valine, leucine, isoleucine, phenylalanine, tyrosine, 
cystine and methionine. 

The second part of Table 5 lists some contrasting 
features which distinguish the cuticular collagens 
of Ascaris and Lumbricus from other collagens. 
This classification is similar to that of Bear (1952), 
except that on the basis of the evidence presented 
in this publication it is seen that the collagen fibres 
from the Cuvierian tubules of Holothuria forskali 
now fall into the same group as the vertebrate 
fibres. The grounds for this classification now 
appear to have been widened from the single 
criterion used by Bear. It is not claimed that this 
scheme has any more general application than to 
the collagens specifically mentioned, nor that any 
of the features listed in it are necessarily connected, 
except for the relationship between the results of 
electron microscopy and low-angle X-ray-diffraction 
(Burge & Randall, 1955). On the one hand, it 
probably represents the closer relationship which is 
believed to exist between the chordates and the 
echinoderms than between the chordates and any 
other members of the Bilateria (Hyman, 1940). On 
the other hand, there may be chemical differences, 
distinguishable at the level of amino acid composi- 
tion, between the collagen fibrils that show 6404 
periodicities and those that do not. It is interesting 
to note that the constancy in the total numbers of 
hydroxylic residues, found by Eastoe & Leach 
(1958) for a range of banded vertebrate collagens, 


Table 5. Swmmary of the properties of collagens 


All collagens for which complete amino acid analyses are now available have the following characteristics which may be 


used to distinguish them from other proteins: 


1. A characteristic wide-angle X-ray-diffraction pattern (the definition of collagen). 


An infrared-absorption band at 3330 cm.-1. 


Hydroxyproly] residues. 
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A content of glycyl residues near to one-third of the total number of residues present. 


High contents of pyrrolidine residues compared with other proteins. 
Low contents of cystine, methionine, valine, leucine, isoleucine, phenylalanine, tyrosine and histidine. 


Vertebrate collagens and the fibres 


from the Cuvierian tubules of H. forskali 


X-ray diffraction Meridional low-angle pattern 
Electron microscopy 
Taxonomy Deuterostomia 


Chemical features Hydroxylysyl residues 


About one hydroxylic side chain in every 


six residues 


Prolyl and hydroxyprolyl contents of the 


same order 


Fibrils banded in electron micrographs 


Cuticles of Ascaris and of Lumbricus 
No low-angle pattern yet observed 
Fibrils apparently not banded 
Protostomia 
No hydroxylysyl residues 
Ascaris cuticle has one hydroxylic residue in 


every 16 residues, and Lumbricus cuticle 
one in every three residues 


Prolyl and hydroxyprolyl contents of 
different orders 
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does not hold for the collagens without these 
periodicities. 

In conclusion we may note that the shrinkage 
temperatures of the collagen fibres studied here are 
much too high to fall into line with the correlation 
in a wide range of vertebrate collagens between this 
property and the hydroxyproline content (Taka- 
hashi & Tanaka, 1953; Gustavson, 1957). This 
emphasizes the importance of other factors in the 
shrinkage process. 


SUMMARY 


1. The cuticle of Ascaris lumbricoides and the 
Cuvierian tubules of Holothuria forskali have been 
submitted to chemical analysis and some ancillary 
physical studies. 

2. These tissues contain collagen, as evidenced 
by their wide-angle X-ray-diffraction patterns. 
Although their amino acid compositions are very 
different, they both have features which clearly 
relate them to the vertebrate collagens. A similar 
conclusion was reached in a study of earthworm 
cuticle (Watson, 1958a). 

3. These collagens all contain hydroxyprolyl 
residues, and have a high content of glycyl residues 
and an infrared absorption band at 3330 cm.-1. 

4. Collagen-rich fractions obtained from these 
tissues have been analysed. 

5. Contrary to previous belief, collagen fibrils 
from the Cuvierian tubules of Holothuria forskali 
have 640A periodicities along the fibril axis. 

6. The cuticular collagens of Lumbricus and 
Ascaris do not have these periodicities, and in 
many respects their amino acid compositions are 
the most extreme yet encountered among the 
collagen proteins. One qualitative difference is 
that the cuticular collagens appear to lack hydr- 
oxylysyl residues. 

7. The shrinkage temperatures of the collagens 
studied here cannot be directly related to their 
hydroxyproline contents. 
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EXPLANATION OF PLATE 5 


X-ray-diffraction photographs and electron micrograph 
of the Cuvierian tubules of Holothuria forskali 


(a) Wide-angle X-ray-diffraction photograph. Fibre axis 
is vertical. Philips microcamera, with specimen-film 
distance of 1-5 cm., and a 40y collimator were used. 


(b) Low-angle X-ray-diffraction photograph of material 
stained with phosphotungstic acid. Fibre axis is vertical. 
The camera was based on the design of Franks (1954). 


(c) Electron micrograph of a collagen fibril teased from 
tubule, stained in 0-1% phosphotungstic acid in water and 
examined in a Metropolitan-Vickers EM 3A microscope. 
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An Improved Procedure for Starch-gel. Electrophoresis: 
Further Variations in the Serum Proteins of Normal Individuals 


By O. SMITHIES 
Connaught Medical Research Laboratories, Toronto, Canada 


(Received 14 August 1958) 


Experience with the method of zone electrophoresis 
in starch gels (Smithies, 1955) suggests that the 
resolution of protein components is lessened by the 
use of supporting substances (e.g. filter paper or 
starch grains) to prevent electro-decantation from 
occurring during the entry of migrating proteins 
into the gels. The present paper describes a simple 
procedure which enables the sample to be inserted 
into the gel without any supporting substance. 
Electro-decantation is prevented by carrying out 
the electrophoresis with the gel in a vertical posi- 
tion. The resolution of serum proteins obtainable in 
the gels is considerably improved, and the diffi- 
culties of obtaining reproducible results are reduced. 
Evidence is obtained with the new technique that 
genetic factors are concerned in the control of the 
‘post-albumins’ of different persons. 


EXPERIMENTAL METHODS 


Apparatus. Figs. 1, 2 and 4 show the design of the 
apparatus most frequently used by the author for vertical 
starch-gel electrophoresis. The size of gel illustrated 
enables eight samples to be compared at once. However, 
the width of the gel can be varied according to need (e.g. 
for a single sample a gel 2 cm. wide has been used) and the 
gel can be varied in length. The volume of sample inserted 
into the gels can be changed by replacing the removable 
piece of plastic used to form the slots (Fig. 2.B) by a piece 
made from plastic sheet of a different thickness. 

Procedure. The cover for the gel tray (Fig. 2) is lightly 
smeared with mineral oil (except for the piece of plastic 
used to form the multiple slot) and is put in an oven at 
approx. 70°. The tray (Fig. 1) is placed horizontally with 
the end plates secured in position. The starch solution is 
prepared (see Smithies, 1955, and Poulik & Smithies, 1958) 





Fig. 1. ‘Exploded’ view of one end of the plastic tray with 
removable end plates used for vertical starch-gel 
electrophoresis. Only important dimensions are given. 


(A) General view of cover (underside) 
d 





(B) Removable slot-former 
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Details of construction 
(C) Sagittal section (ab) 





0-75 mm. 
($ in.) 


(D) Transverse section (cd) 
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Saw cut 


Fig. 2. General view (A), and constructional details (C and 
D), of the plastic cover used to form the eight sample 
slots during the casting of the gel. The removable slot- 
former (B), shown throughout the figure in black, is 
made from linen-based phenol-formaldehyde resin 
(sz in. sheet); other plastic parts are made from Plexi- 
glas. Note the saw cuts made with a circular saw at right 
angles to the slot-former. These cuts are made after the 
cover is assembled, and cause small ridges of gel to be 
formed between adjacent sample slots. 
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and is poured into the tray. An excess of gel should be used 
(500 ml. for the tray illustrated). The hot cover is then 
carefully lowered into position without trapping air 
bubbles, and weights are put on the corners of the cover 
until the gel is cool. 

The cover is removed carefully so as not to damage the 
slots in the gel. The removal is facilitated if the cover is 
first freed from the gel up to the region of the slots, and is 
then gently prised off one side with a spatula opposite the 
slots. The sampies (approx. 0-05 ml.) are run into the slots 
with Pasteur pipettes. Usually the two outer samples are 
duplicated as the zones tend to be curved at the edges of 
the gel. The small ridges of gel between the sample slots, 
which are formed by the circular-saw cuts in the cover 
(see Fig. 2C, D), prevent inter-transfer of samples between 
adjacent slots. 

Petroleum jelly at approx. 45° is poured directly over the 
samples in the slots to seal them in position, and the 
remainder of the exposed surface of the gel is then covered 
with additional melted petroleum jelly. The end plates of 
the gel tray are removed, and the gel is assembled in a 
vertical position, as shown in Fig. 3, so that the albumin 
will migrate downwards. The sample slots are carefully 
levelled in both planes. This step is critical, and a spirit 
level should be used to check the levels otherwise the 
samples will not enter the gel uniformly in all planes. 
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Fig. 3. Experimental arrangement for vertical starch-gel 
electrophoresis. A, position of sample slots; B, gel; 
C, petroleum jelly seal; D, trays containing bridge solu- 
tion (0-3m-boric acid, 0-06m-NaOH). The negative 
reversible Ag/AgCl electrode is in the outer tray. E, Tray 
containing bridge solution with approx. 10 thicknesses 
of filter paper at the bottom, on which the end of the gel 
rests. F, Tray containing concentrated NaCl soln. 
(approx. 10%, w/v) for the positive reversible Ag/AgCl 
electrode. The zig-zag lines in the figure show the posi- 

tions of thick filter-paper bridges. 
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The same type of result can be obtained with the gel and 
electrodes arranged so that migration is upwards, but 
some irregularity in the zones may then occur because of 
density instability in the sample slots. On the other hand, 
the gel slots need not be so accurately levelled when migra- 
tion is upwards. Nevertheless the overall results favour 
migration downwards. 

A voltage gradient of 5v/em. (i.e. 135v across the gel 
here described) applied for 16-20 hr. has been used by the 
author for work on serum proteins with borate buffer gels 
prepared from commercially available starch (Starch- 
Hydrolysed, Connaught Medical Research Laboratories, 
Toronto). The pre-albumins and some albumin usually 
migrate out of the gel with the longer times, but the gels 
can be lengthened if this is undesirable. 

At the end of the electrophoresis the petroleum jelly is 
removed from the surface of the gel. The gel is trimmed 
square at the ends, and is turned out on to the slicing tray 
illustrated in Fig. 4. The gel is placed upper surface down- 
wards with the insertion slots away from the 6 mm. thick 
‘stopping block’ of the slicing tray. Air bubbles are care- 
fully pressed out from between the gel and the tray. 
Slicing is carried out with a dermatome-knife blade in one 
smooth motion from the y-globulin end of the gel to the 
albumin end. The cut gel surfaces are stained in the usual 
way with Amido-Black 10B (Smithies, 1955). 

Photography. The photograph was taken on Kodak 
35 mm. Microfile with tungsten-lamp illumination and a 
Wratten A (red) filter. Development was carried out with 
Kodak formula D23 developer for 12 min. at 20°. 


RESULTS AND DISCUSSION 


Plate 6 shows the result obtained with the vertical 
starch-gel technique with sera from six healthy 
persons. The section of gel from the sample slots 
to the albumin is included in the photograph. This 
result illustrates the type of resolution obtainable 
with the improved technique. The particular sera 





Dermatome 


Fig. 4. Slicing tray on which the gel is sliced with a 
dermatome-knife blade. Only important dimensions are 
given. 





EXPLANATION OF PLATE 6 


A photograph of the result obtained by vertical starch-gel 
electrophoresis (approx. 19 hr. at 5v/em.) with serum 
samples from six healthy individuals. Only the section of 
gel from the sample slots to the albumin is included in the 
photograph. Samples 1 and 2 are from female identical 
twins, 45 years old. Samples 3-5 are from 9-year-old 
female non-identical quadruplets and sample 6 is from 
their mother. 
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selected for this experiment point out the potential 
of the technique in further studies of the genetic 
control of serum proteins, particularly in the region 
of the post-albumins. 

The two samples (1 and 2) on the left-hand side 
of the gel were taken from a pair of female twins, 
aged 45 years (1 is unmarried; 2 is the mother of 
four children). The haptoglobin and f-globulin 
types (Smithies & Walker, 1956; Smithies, 1958) of 
these individuals are the same. The resolution of 
the type 2-2 haptoglobins in the sera of the twins is 
very satisfactory (as many as 12 haptoglobin zones 
can be distinguished in the original photograph), 
and the high-molecular-weight B-lipoprotein shows 
as a clear zone between the Sa,-globulin and the 
sample slot. Many of these haptoglobin zones and 
the B-lipoprotein were not reproducibly demon- 
strated by the earlier starch-gel technique. The 
greatest improvement in resolution is in the post- 
albumin region. The sera from the twins show post- 
albumins which are essentially indistinguishable, 
as indeed are all the protein zones which can be 
detected in these two serum samples. The twins are 
known to be identical (monozygotic) on the basis of 
their red-cell blood groups and other tests for their 
zygotic state. 

Serum samples 3-5 are from three female 
quadruplets, aged approx. 9 years. (A sample from 
the remaining quadruplet was not available.) The 
three quadruplets here concerned are known, from 
their red-cell blood groups, to be non-identical. The 
haptoglobin types of the first two quadruplets 
(samples 3 and 4) differ and are Hp2-2 and Hp2-1 
respectively. On the other hand, the post-albumins 
of these two children are indistinguishable, al- 
though they differ from those of the adult twins 
(samples 1 and 2). The haptoglobin type of the 
third quadruplet (sample 5) is the same, Hp2-1, as 
that of one of her sisters (sample 4), but the post- 
albumins of this third quadruplet are clearly 
different from those of either of her sisters or of the 
twins. 

Serum sample 6 is from the mother of the 


VERTICAL STARCH-GEL ELECTROPHORESIS 
quadruplets. Her haptoglobin type is 2-1, and her 
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post-albumins are essentially indistinguishable 
from those of one of her daughters (sample 5). 

In conclusion, the results with these six serum 
samples illustrate the improved resolving power of 
the vertical starch-gel electrophoresis technique, 
and suggest strongly that genetic factors are 
involved in the control of the post-albumins of 
normal individuals. Thus the (identical) twins, 
despite their very different histories, have essenti- 
ally indistinguishable post-albumins, yet two of the 
(non-identical) quadruplets show differences. The 
variability in this region appears to be complex, and 
other ‘post-albumin types’ have been observed in 
addition to the three illustrated in the Plate. 
Samples taken almost a year apart from one 
individual (whose post-albumins are very character- 
istic) gave the same pattern, a result which would 
be expected if genetic factors are concerned in the 
control of the post-albumins. Further work is in 
progress to characterize these differences more 
fully and to investigate their genetic control. 


SUMMARY 


1. An improved technique is described for 
starch-gel electrophoresis in a vertical direction 
which permits the sample to be introduced into the 
gel without the use of any supporting substance. 

2. The resolving power and reproducibility of 
the method are thereby much improved. 

3. Evidence is presented which suggests that 
genetic factors are involved in the variations, in 
different individuals, of the serum proteins which 
migrate immediately behind albumin. 
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The Fatty Acids of Phosphatidylethanolamine and 
Phosphatidylcholine from Hen’s Eg¢ 


By J. C. HAWKE 
Fats Research Laboratory, Department of Scientific and Industrial Research, 
Wellington, New Zealand 


(Received 7 July 1958) 


Glycerides and phospholipids from the same tissue 
exhibit appreciable differences in their fatty acid 
composition (Hilditch, 1956; Futter & Shorland, 
1957), but very little is known about the distribu- 
tion of fatty acids among the individual phospho- 
lipids. Progress in working out the pathways of 
phospholipid synthesis in living cells (Kennedy & 
Weiss, 1956; Smith, Weiss & Kennedy, 1957) has, 
however, stimulated interest in individual phos- 
pholipid compounds as chemical entities, rather 
than as mixtures. Consequently, it has become of 
interest to know if any selectivity with regard to 
fatty acids has occurred in the biological synthesis 
of phospholipids such as phosphatidylcholine and 
phosphatidylethanolamine. Because the individual 
lipids have not been separated in anything like 
quantitative yield this question has remained un- 
answered, although, working qualitatively, Klenk 
& Béhm (1951) found marked differences in the 
fatty acid composition of phosphatidylserine and 
phosphatidylethanolamine from ox brain. Recently, 
however, Rhodes & Lea (1957) have isolated almost 
quantitatively the component phospholipids in egg 
yolk on silicic acid and alumina columns. These 
authors isolated, in essentially pure form, all the 
phosphatidylethanolamine and 97:0% of the 
phosphatidylcholine. Two other fractions contained 
mixtures of the minor constituents—lysophospha- 
tidylcholine and sphingomyelin in one fraction and 
lysophosphatidylethanolamine and inositol phos- 
pholipid in the other. 

More progress has been made in the elucidation 
of the composition of the phospholipid fraction in 
egg yolk than of the phospholipids in any other 
biological material. Contributing factors have 
been the ready availability of this phospholipid 
and the less divergent nature of its principal com- 
ponents. Rhodes & Lea (1957) found egg phospho- 
lipid to contain phosphatidylcholine 73-0, lyso- 
phosphatidylcholine 5-8, sphingomyelin 2-5, phos- 
phatidylethanolamine 15-0, lysophosphatidyleth- 
anolamine 2-1, and inositol phospholipid 0-6, ex- 
pressed as moles %. In the present work the egg 
phospholipids have been separated into two 
fractions, one containing phosphatidylethanol- 
amine and the other containing the remaining 


components, among which phosphatidylcholine 
predominates. The fatty acids in each fraction have 
been examined. 


EXPERIMENTAL 


Analytical methods. Total N, P and choline were deter- 
mined as previously described (Hawke, 1956). Amino N 
was estimated by reaction with ninhydrin (Lea & Rhodes, 
1955) after calibration by the Van Slyke manometric 
procedure using hydrolysed egg phospholipid. 

The di- and poly-unsaturated methyl esters were de- 
termined spectrophotometrically before and after alkali 
isomerization (Herb & Riemenschneider, 1953). Hexanoic 
acid was calculated from data given by Hammond & 
Lundberg (1953). 

N, P, amino N, and choline are expressed as wt. %. 
Unless otherwise stated, other results are expressed on a 
molar basis. 

Chromatographic methods. Chromatography on silicic 
acid columns was carried out as described by Rhodes & Lea 
(1956a). Chromatography of the methyl esters of the 
fatty acids of phosphatidylethanolamine and phosphatidyl- 
choline was carried out as previously described (Hawke, 
Dunkley & Hooker, 1957) with thermal conductivity 
detectors. Samples were injected into the gas stream with 
an Agla micrometer syringe through a self-sealing serum 
cap. Owing to the difficulty of adding precise amounts of 
the mixed esters to the chromatogram by this method, a 
known weight (approx. 5%, w/w) of methyl pentadec- 
anoate was added to each ester sample to provide an internal 
reference after preliminary investigation had shown that 
this ester was not a natural component of the samples. 
Peak areas on the recorder graph were used to give a 
quantitative measure of the components present. The com- 
ponents that disappeared after bromination of the mixed 
esters were designated as unsaturated esters. Bromination 
was carried out as described by James & Martin (1956). 

The chromatographic columns (1-2 m. long and 4 mm. 
internal diameter) were: (a) packed with Celite 545 (10 g.) 
and Apiezon M (2 g.) (James & Martin, 1956) and held at 
200° to separate esters up to C,,, or (b) packed with Celite 
545 (10 g.) and silicone grease (3 g.) and held at 225° to 
separate esters above C,,. 


Preparation of egg phospholipids 


Extraction from egg yolk. Yolks from 36 hen eggs were 
freeze-dried in vacuo. The dried yolk was powdered in @ 
Waring Blendor and extracted by shaking for 30 min. 
periods with three changes of ethanol-ether (1:3, v/v) at 
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room temperature. The residue was then refluxed for 2 hr. 
with ethanol-ether, shaken for 30 min. and then filtered. 
The residue was again disintegrated in the Blendor, refluxed 
and shaken with ethanol-ether. Approximately 600 ml. of 
purified solvent was used in each extraction. 

Purification by acetone. The total extract was evaporated 
and 2 1. of acetone added to the fat (206 g.) and refluxed for 
about 1 min. The flask was then stoppered and allowed to 
stand at room temperature overnight. Soluble and in- 
soluble lipids were separated and the operation was re- 
peated three times, with the same solvent-lipid ratio. The 
insoluble lipid weighed 50 g. and the soluble lipid 154 g. 
After dissolving the insoluble lipid in chloroform saturated 
with water and chromatographing on a cellulose column 
(Lea & Rhodes, 1953) to remove water-soluble impurities, 
the N/P ratio was 1-02 (N, 1-59%; P, 3-45%). The acetone- 
soluble lipid (N/P, 2-1; N, 0-20%; P, 0-21%) was not 
purified on a cellulose column. 

Removal of phospholipid from the lipid soluble in acetone. 
The acetone-soluble ‘glyceride’ fraction was dissolved in 
methanol-chloroform (1:99, v/v) and chromatographed on 
a silica-gel column (Mallinckrodt, previously heated at 
120°) with the same solvent as eluent. This solvent was 
later changed to methanol—chloroform (20:80, v/v) and 
then to methanol. The successive solvents eluted 129-0, 
11-7 and 13-0 g. of lipid containing 0-015, 0-24 and 1-99% 
of P respectively. 

The lipid fraction weighing 13-0 g. was added to the 
acetone-insoluble lipid. The 11-7 g. fraction was further 
purified by means of dialysis in a rubber membrane 
(London surgeons’ fingercots) against light petroleum 
(b.p. 55°) with six solvent changes at hourly intervals, 
11./change being used (van Beers, de Iongh & Boldingh, 
1957). The non-dialysable material from this dialysis was 
added to the acetone-insoluble lipid. 

A sample of the total phospholipid (5-93 g.) was similarly 
dialysed and the residue weighed 5-55 g. (Table 1). 


Preparation of phosphatidylethanolamine 
and phosphatidylcholine 
The non-dialysable material (5-55 g.) was then chromato- 
graphed on a silicic acid column with 200 g. of adsorbent, 
ie. a loading of approx. 30 mg. of P/25 g. of silicic acid. 
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After adding the sample to the column in about 50 ml. of 
chloroform, methanol—chloroform (20:80, v/v) was used as 
eluting solvent. After 11. of solvent had been used the 
concentrations of phosphorus and free amino nitrogen in 
the eluent fell almost to zero. A further 600 ml. of the 
same solvent was used without appreciable lipid being 
eluted. Methanol was then used to strip the remaining 
lipid from the column. 

Table 2 summarizes the separation obtained. The early 
fractions in which most of the pigmented material appeared 
contained little phospholipid. It was expected that the 
lipid eluted as a peak in fractions 16-37 would be sub- 
stantially pure phosphatidylethanolamine, but only rather 
more than half (amino N/N, 0-56) proved to be this com- 
ponent. The poor performance of the column might have 
been due to its size; no difficulty has been experienced with 
columns using approximately 50 g. of adsorbent and the 
same P/silicic acid ratio. 

Fractions 16-37 and 38-59 were combined and rechro- 
matographed on 50g. of silicic acid and eluted with 
methanol-chloroform (20:80, v/v). The 0-94g. of lipid 
which was eluted as a peak had a ratio (amino N/N) close 
to unity. Following this peak, P values of the fractions fell 
almost to zero, at which stage the column was eluted with 
methanol as before. The fractions before the phosphatidy]- 
ethanolamine peak contained a total of 0-04 g. of lipid 
with a low amino N/P ratio (0-21), but the small amount 
obtained precluded any detailed investigation. The com- 
bined ninhydrin-reacting lipid on analysis gave amino N/P, 
0-96; amino N/N, 0-97; N/P, 1-01. 

Analysis of the combined fractions eluted with methanol 
from the two silicic acid columns gave: N/P, 1-01; amino 
N/N, 0-035; choline N/N, 0-95; fatty acids, 74-2% by wt. 
(calc. for distearoylphosphatidylcholine 72-0%). 


Preparation of the methyl esters of the fatty acids of 
phosphatidylethanolamine and phosphatidylcholine 


The two main fractions were separately hydrolysed by 
refluxing first with 1% (w/v) sulphuric acid in methanol for 
3 hr., and then with potassium hydroxide in the same 
solvent (20% in excess of theoretical) for a further 2 hr. 
Both steps were carried out in an atmosphere of nitrogen. 








Table 1. Separation of glyceride and phospholipid by dialysis through a rubber membrane 
Lipid Material Material Recovery 
used non-dialysed dialysed (%, by wt.) 
Wt. (g.) 5-93 5°55 0-38 100-0 
P (%) 3-20 3-42 0-0 100-0 
N (%) 1-61 1-68 0-15 98-2 


Table 2. Separation of total egg phospholipid on silicic acid with chloroform—methanol as eluent 


Fraction no. Wt. of lipid N ? N/P Amino N Amino N/N 
(20 ml.) (g-) (%) (%) (molar ratio) (% (molar ratio) 
1-15 0-558 0-37 0-50 1-64 0-05 0-13 
16-37 1-799 1-59 3°75 0-94 0-90 0-56 
38-59 0-090 1-20 2-40 1-12 0-55 0-46 
60-78 0-036 N.D. 1-53 N.D. 0-33 N.D. 
Methanol eluate 3-070 — —_ _— _ —- 


N.D. =not determined. 
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The potassium soaps of the fatty acids were acidified and 


extracted with ether, and the acids converted into methyl 
esters. 


RESULTS AND DISCUSSION 


Taking into account the losses from the silicic acid 
columns and the amounts of phospholipids in the 
small fractions which were discarded, it is esti- 
mated that about 97 % of the total egg-yolk phos- 
phatidylethanolamine (PE) and about 97-5% of 
the total egg-yolk phosphatidylcholine (PC) have 
been included in the samples used in the final 
analysis of the fatty acids. 

The PE sample was essentially pure and was a 
light-brown solid. The analytical figures showed 
that the PC sample had two contaminants, lyso- 
phosphatidylethanolamine (3-5%) and sphingo- 
myelin (1-5%), and by analogy with the work of 
Rhodes & Lea (1957) it would also contain the lyso 
analogue as a third impurity. These authors found 
5-8 % of lysophosphatidylcholine in samples of PC 
prepared from egg yolk by the same technique. The 
total contaminants of the present sample of PC 
would therefore be of the order of 11-0%. The PC 
was a white waxy solid. 

Analysis of the methyl esters of the fatty acids 
derived from PE and PC has revealed some marked 
differences in composition (Tables 3 and 4). 

PC has a greater proportion of C,, acids (32-5 % 
as against 20-1% for PE) but less than half the 
amount of C,, and C,, unsaturated acids. Further 
marked differences are found in the distribution of 


Table 3. Composition of the methyl esters of the 
fatty acids from phosphatidylethanolamine (PE) 
and phosphatidylcholine (PC) 


Figures are expressed as moles %. 








Saturated Unsaturated 
———— > r a eenaonh, 
Fatty acid PE PC PE PC 

C 0-4 0-2 0-0 0-0 
C.. 19-8 28-1 1-2 4-4 
Cis 39-5 14-2 20-1 44-7 
c. 0-0 0-0 9-0 4-7 
Ces 0-0 0-0 10-0 3-7 
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the C,, acids. Whereas the proportions of the total 
C,, acids of PE and PC are similar (59-6 and 58-9 % 
respectively), the proportions of saturated and un- 
saturated acids are in sharp contrast. PE has 
almost three times the amount of stearic acid, but 
less than half as much of the C,, unsaturated acids 
compared with PC. From the iodine values and the 
alkali-isomerization figures of the methyl esters of 
the fatty acids from PE and PC (Table 4) it can be 
deduced that there is considerably less monoene in 
PE and consequently the smaller amount of C,, 
unsaturated acid in this phospholipid may be 
attributed to a smaller oleic acid content (see 
Figs. 1 and 2). In both PE and PC little trienoic 
acid is present. The larger amount of pentaene and 
hexaene in PE is in agreement with the higher pro- 
portions of C,, and C,, acids given by gas-liquid 
chromatography. 

Recently, Kennedy and co-workers (Kennedy & 
Weiss, 1956; Smith et al. 1957) demonstrated the 
biosynthesis of PC and PE in vitro by using en- 
zymes obtained from liver tissue and yeast. The 
synthesis involved 1:2-diglyceride as a common 
precursor in reactions with cytidine diphosphate 
choline and cytidine diphosphate ethanolamine. 
Although from the work of Kennedy & Weiss 
(1956) it appears probable that separate enzymes 
are responsible for the formation of PE and PC, in 
its simplest form this metabolic pathway would 
give rise to individual phospholipids of similar fatty 
acid composition. 

The present results show that the individual 
phospholipids have a widely differing fatty acid 
composition, and further evidence of fatty acid 
selectivity among the different phospholipids is 
given by Rhodes (1958). When investigating the 
effect of cod-liver oil fed to laying hens on the 
composition of the fatty acids of egg phospholipids 
he found that considerable differences in the mean 
unsaturation of the fatty acids esterified in the 
« position existed in PE and PC. Moreover, Klenk 
& Bohm (1951) found appreciable differences in the 
fatty acid composition of PE and phosphatidy]l- 
serine (PS) obtained from ox brain, PE having 
more unsaturated C,. and C,, acids but less satur- 
ated and unsaturated C,, acids than PS. However, 


Table 4. Composition of the unconjugated and conjugated unsaturated methyl esters of the fatty acids 
from phosphatidylethanolamine and phosphatidylcholine 


Figures are expressed as moles %. Iodine values are: phosphatidylethanolamine 102-2, phosphatidylcholine 77-0. 


Phosphatidylethanolamine 
A 


Phosphatidylcholine 
A... 





= 7 ( Y 
Acid Unconjugated Conjugated Unconjugated Conjugated 
Diene 3-0 2-9 5-9 3-1 
Triene 0-0 0-8 0-1 0:3 
Tetraene 7-4 0-4 2-4 0-1 
Pentaene 3-9 0-2 28 0-03 
Hexaene 8-0 <0-1 2-9 <0-02 


i 
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it is not possible to make accurate comparisons 
between the two phospholipids because the 
recovery of PE was not given. 

It seems likely, therefore, that if the mechanism 
for synthesis of phospholipids proposed by Smith 
et al. (1957) occurs in vivo, the enzymes responsible 
for the reaction between different basic cytidine 
diphosphate derivatives and 1:2-diglycerides ex- 
hibit differing specificities for various 1:2-digly- 
cerides. On the other hand, there could be a re- 
distribution of fatty acids after phospholipid syn- 
thesis. Bergstrém, Bergstrém & Rottenberg (1952) 
found after feeding (carboxy-\4C)stearic acid that 
redistribution of fatty acids occurred between the 
lymph glycerides and the liver phospholipids, and 
since 1:2-diglycerides have been shown to act as 
precursors of triglycerides (Weiss & Kennedy, 
1956) as well as of phospholipids, it is possible that 
a redistribution of fatty acids between different 
phospholipids might occur also. 

Perhaps of greater interest than the total com- 
position of the fatty acids in PC and PE is the 
distribution of the fatty acids between the « and B 
positions of the phospholipid molecule. Some idea 
of this distribution may be obtained from a con- 
sideration of the present results together with the 
findings of Rhodes & Lea (19566), since, as 
mentioned above, Rhodes (1958) has found that 
variations in the diet of hens affects the nature of 
the unsaturated fatty acids in the « position only. 
These workers treated egg phospholipids with the 


a Unsaturated acids 


0-4% Myristic acid 
56-2% Palmitic acid 
28-4% Stearic acid 


8-8% Palmitoleic acid 


6-2% Oleic acid 


, 


m Phosphorylcholine 
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phospholipase A of snake venom in order to 
remove the acids from the « position in the mole- 
cule, and found that the residual acids in the B 
position possessed an unsaturation of approxi- 
mately 0-15 double bond/molecule. The acids 
removed by phospholipase A were all unsaturated. 
After hydrogenation of the lysolecithin produced, 
the acids in the £ position consisted of 67% of 
palmitic acid and 33 % of stearic acid. 

In the present work, if all the acids in the « 
position are unsaturated (cf. Hanahan, 1954), in 
PC 85% of the total acids in the f position are 
myristic, palmitic and stearic acids (0-4, 56-2 and 
28-4 % respectively). The remaining 15% must be 
monoenes in order to agree with the figure of 0-15 
double bond/molecule obtained by Rhodes & Lea 
(19566) and must be either C,, or C,, acids to agree 
with their analysis after hydrogenation. If all the 
available palmitoleic (Table 3) is in the £ position, 
the 15% unsaturated monoenes are made up of 
palmitoleic acid (8-8 %) and oleic acid (6-2%). In 
terms of carbon number the composition of the 
acids in the B position would be C,, 0-4, C,, 65-0 
and C,, 34:-6%, and by difference the fatty acids 
esterified in the « position of the phospholipid 
molecule would be as given in Fig. 1. 

Egg-lecithin preparations obtained by chromato- 
graphy on alumina columns in which stearic acid 
was the only detectable saturated acid (Hanahan, 
1954) would not appear to be representative of the 
total lecithin present. 


83-2% C, 
9-4% C,,} | 180% Diene 
7-4% Cor) 


64-7% Monoene ) 





0-8% Triene 

50% Tetraene 

5-7% Pentaene 
| 58% Hexaene 


Fig. 1. Fatty acids esterified in the « and £ positions of phosphatidylcholine. 





12-6% Monoene 


34-4% Stearic acid , 11-8% Diene 
a (o7-6 % Cy, unsaturated acids 1-6% Triene 
\ 18-0% Cy, unsaturated acids 15-4% Tetraene 
20-0% Cyp unsaturated acids 8-2% Pentaene 
| 16-0% Hexaene 
0-8% Myristic acid 
39-6% Palmitic acid 
B 44-6 % Stearic acid 
2-4%, Palmitoleic acid 
2-6% Oleic acid 
a’ Phosphorylethanolamine 


Fig. 2. Fatty acids esterified in the « and £ positions of phosphatidylethanolamine. 
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In PE two-fifths of the total acids are unsatur- 
ated, therefore, appreciable amounts of saturated 
acid must be esterified in the « position. Rhodes & 
Lea (19566) found that the unsaturation in the B 
position was of the order of 0-15 double bond/ 
molecule and that on hydrogenation the composi- 
tion of these acids was 47% of stearic acid and 
53 % of palmitic acid. However, if all the palmitic, 
palmitoleic and myristic acids found in the present 
investigation were in the f position, these acids 
would form only 42-8 % of the total. To obtain the 
required degree of unsaturation the remaining 
acids could be 12-6 % of oleic acid and 44-6 % of 
stearic acid. Such a distribution would mean that 
approximately one-third (34-4%) of the acids in 
the « position is stearic acid, Fig. 2. 

As would be expected from the large proportion 
of PC in the total egg phospholipid, the fatty acid 
composition of the latter (Shorland, 1951) follows 
closely that of PC. 


SUMMARY 


1. Gas-liquid chromatographic analysis has 


revealed marked differences in the fatty acid com- 
position of egg-yolk phosphatidylethanolamine and 
phosphatidylcholine. Of the total acids in phos- 
phatidylethanolamine 39-5 % is saturated C,, and 
20-1% is unsaturated C,,, whereas in phospha- 
tidylcholine 14-2% is saturated C,, and 44-:7% is 
unsaturated C,,. The larger proportion of un- 


saturated (C,, acid in phosphatidylcholine is 
attributed to oleic acid. 

2. About three-fifths of the total acids of phos- 
phatidylethanolamine are saturated, and it is 
estimated that one-third of the fatty acids esteri- 
fied in the « position are saturated. 

3. Considerably more C,, and C,. unsaturated 
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acids are present in phosphatidylethanolamine 
than in phosphatidylcholine. 
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determining the unsaturated acids by the alkali-isomeriza~ 
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